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ABSTRACT 
 
 
Tunnels under large metropolitan cities have been constructed for almost two centuries. As the 
cities expand their surface and subsurface space become congested. The construction of the new 
Crossrail tunnels under central London, which has been on-going during the preparation of this 
thesis, has more than 30 interfaces with existing London underground tunnels. In this thesis the 
effects of excavating the Crossrail tunnels under the existing Central line tunnels below Bayswater 
road are explored and various aspects of tunnelling in London clay are investigated using the finite 
element code ICFEP (Imperial College Finite Element Program).  
The first part of this thesis focuses on the short and long-term behaviour of grey cast iron 
tunnel linings by modelling the cross-section of the Central line tunnels under Bayswater Road. 
The effect of the lining permeability on the lining response in terms of deformation and internal 
forces is highlighted. Simulations of a large-scale experimental set-up (that studies the lining 
behaviour) are made and ways to overcome some of the experimental limitations are presented. 
In the second part of the thesis the use of a sophisticated two surface kinematic hardening model 
for modelling tunnelling in stiff London clay is explored by analysing the Jubilee Line Extension 
under St. James’s Park and the Crossrail tunnels under Hyde Park. The calibration of the model 
parameters against laboratory tests on intact samples and the modelling of previous stress history 
improve the predicted soil displacements due to tunnelling. In the last part of this thesis, a three-
dimensional numerical model is used in order to qualitatively estimate the response of the Central 
line tunnels due to the excavation of the new Crossrail tunnels. Despite the simplifications made, 
the numerical predictions show that finite element analysis is a useful and reliable tool to analyse 
such complicated problems. 
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CHAPTER 1              
INTRODUCTION 
 
 
In this chapter the background that motivated the current research is first described. The scope 
of the current research follows. Finally the layout of the thesis is presented. 
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1.1 Background to the research 
As large metropolitan cities expand and accommodate increasing populations, the need for a 
fast and reliable transportation system is of vital importance. The Crossrail project is a great 
investment for London as not only will it be a world-class, affordable, high frequency railway 
which connects the centre of the city to commuter areas east and west of London, but it will also 
improve the daily quality of life of Londoners by easing the congestion on existing tube lines and 
acting as a means of decentralization. The Crossrail project involves 21km of new sub-surface 
twin-bore railway planned to be bored under the centre of the capital. 
Peck in his state of the art report to the 7th International Conference of Soil Mechanics and 
Foundation Engineering (1969) stated that any tunnel should satisfy the following three 
requirements in order to be ‘satisfactory’. 
a. The tunnel should be able to be built which means that the hole must be advanced in a safe 
way. 
b. The tunnel’s construction should not cause excessive damage to adjacent or overlying 
structures (utilities, buildings, streets). 
c. The tunnel must withstand all the external influences it might be subjected to during its 
lifetime. 
Having the above requirements in mind and because there are almost 30 interfaces where the 
Crossrail tunnels pass under or over existing tube tunnels, the tunnel-tunnel interaction problem is 
clearly of concern to the project and required investigation. Using a particular intersection of the 
new Crossrail tunnels with existing Central line tunnels (at the edge of Hyde Park under Bayswater 
Road) as an example, the interaction problem is assessed and various tunnelling related issues are 
investigated numerically in this thesis. 
 
1.2 Scope of research 
The current thesis is part of an Imperial College research project. The main objective of the 
project is to establish the amount of movement a tunnel can sustain before it yields and becomes 
structurally incapable and non-functional when it is affected by a new tunnel excavated in its close 
vicinity. It involves a three-path approach, including large–scale laboratory testing of segmental 
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grey cast iron rings, intensive field monitoring of a ‘greenfield’ site and existing tunnel lining and 
advanced numerical modelling. The numerical modelling contribution to the project is presented 
in this thesis and the main objectives of the current research work are summarised as follows: 
i. Investigate numerically the behaviour of grey cast iron segmental rings through a series of 
analysis both in the short and the long term. This is to connect the numerical investigation of 
the project with the large-scale laboratory work and give some insight on possible limitations 
that the laboratory work may have and possibly propose ways of dealing with them. 
ii. Simulate numerically the new Crossrail tunnel excavation with advanced constitutive soil 
models and use experimental results on intact soil samples for their calibration in order to 
achieve realistic class C predictions of soil displacements. This is to link the numerical 
investigation of the project with the intensive field monitoring part.  
iii. Simulate numerically construction of a new tunnel beneath an existing tunnel and 
investigate their interaction. 3D modelling is necessary for studying the problem of tunnels 
with non-parallel axes. The investigation needs to focus on the existing tunnel deformation 
modes and internal force changes due to the new tunnel excavation and assess how close 
the existing lining is to a structural failure. 
 
1.3 Layout of the thesis 
The work presented in this thesis is divided into the following chapters. 
Chapter 2 summarises the available literature on the response of the soil and existing tunnels 
to the construction of a new tunnel. Focus is given on tunnelling in stiff overconsolidated London 
clay. Empirical relations and numerical investigations of ‘green-field’ conditions are first 
presented. Comparison of both predictions with available field measurements is made wherever 
possible. The last part of the chapter shows the latest advances in 3D modelling of tunnels, the 3D 
simulation of tunnel-tunnel interaction problems and the available field monitoring data of such 
examples. 
Chapter 3 presents the numerical analysis of the Hyde Park site under central London which 
experienced construction of the Central line tunnels more than a century ago. In particular, the 
chapter investigates the behaviour of the Central line tunnel linings in the short and the long term. 
Numerical results focus on the surface movements, lining loads, stresses acting on the tunnels and 
the deformed shape of the linings under the influence of different lining permeabilities. 
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Connection with the experimental work of the project is achieved by introducing a ‘structural’ 
model which investigates how the in-situ stresses acting on a lining can be simulated in a 
structural laboratory set-up. 
Chapter 4 investigates the effects of using a sophisticated modified two surface kinematic 
hardening soil model (M2-SKH) on the short and long-term behaviour of a site due to tunnelling. It 
includes the calibration of the model against real soil data for London clay and the effect of the 
previous stress history is discussed. The calibrated parameters along with the considerations 
about the effects of the previous stress history are then used to analyse the construction of the 
Jubilee Line Extension tunnels at St. James’s Park. The numerical predictions are compared with 
the available field measurements both in the short and in the long term, validating the numerical 
model. 
Chapter 5 presents numerical analyses of the construction of the new Crossrail tunnels at the 
Hyde Park site. These analyses adopt the same constitutive model and parameters used in Chapter 
4. The numerical predictions concerning the soil movements due to the excavation of the two 
tunnels and the consolidation that took place in between their excavation are presented in a 
detailed way and are compared systematically with the available field data obtained from the field 
monitoring part of the project.  
Chapter 6 presents a three-dimensional numerical analyses of the effects of the excavation of 
the new Crossrail tunnels below the axes of the Central line tunnels. Geometric simplifications are 
made for the problem to be simulated in a computational efficient way. Conclusions are drawn on 
how the presence of the existing tunnel affects the soil displacements and how the behaviour of 
the Central line tunnel in terms of hoop forces, bending moments and lining deformations are 
affected by the new Crossrail tunnel excavation. Parametric analyses looking into the effect of the 
face pressure of the earth pressure balance machine and the longitudinal stiffness of the Central 
line tunnel lining are also presented and wherever possible comparison with real monitoring data 
is made. 
Chapter 7 summarises the conclusions of the current numerical investigation of tunnelling and 
of tunnelling effects on existing tunnels. Some thoughts about where further research should 
focus are finally presented. 
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CHAPTER 2              
LITERATURE REVIEW 
 
 
This chapter reviews the literature and presents a summary of research and work associated 
with various advances in tunnelling in soft ground. It first summarizes empirical methods to 
estimate tunnel lining induced ground deformation, both surface and subsurface. Numerical 
studies involving both 2D and 3D investigations of tunnelling problems are then presented. The 
focus is concentrated on numerical analysis of tunnels excavated in London clay. Short and long-
term predictions are discussed while their comparison with available field measurements (where 
available) is also included. In the last part, the work relevant to the interaction of a new tunnel 
excavation with an existing tunnel in its vicinity is reviewed from a field monitoring and numerical 
analysis perspective. 
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2.1 Introduction 
Tunnelling is interrelated to the growth of many cities and the need for extra space for 
accommodating infrastructure in the urban environment over the last 200 years. London has 
diachronically been the centre for advances in tunnelling. The first modern tunnelling project was 
constructed under the river Thames in 1825. It was the Thames tunnel which was constructed by 
Sir Marc Isambard Brunel using his patent: the tunnel shield. The first underground railway line 
opened in London in 1863 involving 6.4km of the Metropolitan Railway. In 1869 a second tunnel 
under River Thames was constructed, the Tower Subway. This was constructed using the so called 
Barlow-Greathead shield. This shield while designed by Greathead was inspired by Barlow’s idea 
for a circular shield, which was quite an important innovation making the tunnel lining 
construction simpler and the weight of the surrounding soil better supported compared with the 
rectangular shield Brunel used. According to West (1998) the most crucial advancement of the 
Barlow-Greathead shield was that the tunnel lining segments could be erected within the shield 
simultaneously with the face excavation. Many of the features, like the advancement of the tunnel 
shield by hydraulic jacks, were patented at that time by Greathead and are still used today in 
tunnelling practice  
Using the shield for support and standard methods of excavation (mainly hand digging) was the 
main practice for tunnelling for over a century until the middle of the 20th century when the first 
closed-face Tunnel Boring Machine (TBM) was successfully used for a tunnel excavation. Such 
TBMs close the front face of the shield by using a mechanical cutter head which performs the 
excavation. This clearly improved the control of the soil displacements due to tunnelling. Since the 
first TBM, until today, different types of TBMs were used for different tunnels depending on the 
particular geology of the site and the ground water conditions.  
A relatively modern type of TBM is the Earth Pressure Balance machine (EPB). In Figure 2.1 the 
main parts of this type of machine are shown as presented by Mair (2008). The EPB machines offer 
substantial support to the excavated face and by doing so the ground movements are better 
controlled. The soil once excavated passes into the pressurised sealed excavation chamber (empty 
space between cutter head and drive motor in Figure 2.1). At the back of this chamber there is an 
Archimedes type screw conveyor. The rate the shield advances is synchronised with the rate of soil 
discharge from the excavation chamber and through this procedure the head chamber pressure 
supports the excavation’s face. The support that the EPB machine offers at the face of the 
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excavation makes this method advantageous in tunnelling projects under cities where control of 
the soil movements is of primary concern compared to other tunnelling techniques.  
 
 
Figure 2.1: Parts of an Earth Pressure Balance machine: 1) cutter head, 2) drive motor, 3) TBM skin, 
4) airlock, 5) screw conveyor, 6) lining erector arm, 7) soil discharge, 8)lining segments and 9) belt 
conveyor (Mair, 2008). 
 
Another type of TBM is the slurry shield (SS) TBM. At the tunnel face, a hydraulic fluid pressure 
is applied by a slurry mixture of bentonite and excavated spoils which are sealed in a chamber 
behind the cutter head. The mixture is separated when it is outside the chamber and the 
bentonite is pumped back into the shield for mixing with the excavated soil. This type of machine 
offers an advantage over the above mentioned EPB machines since they can be efficient in highly 
variable ground, in soft ground and in areas with high pore water pressures.  
The Sprayed Concrete Lining (SCL) method is also applied in tunnelling projects in soft ground. 
The SCL method is based on the original New Austrian Tunnelling Method (NATM), which was 
initially developed for rock tunnelling in the 1960s. This method involves the excavation of the 
tunnel cross-section in more than one phase (staggered headings and benches for example), the 
use of sprayed concrete as an immediate support and the construction of the final support 
subsequently. Despite the fact that this method does not offer a particular advantage in 
controlling the soil displacements over the closed face TBMs, it is used in ground because it is 
particular flexible and can adapt to variable geotechnical conditions, swelling soils, changes of a 
tunnel geometry while the water-proofing of the tunnel is easier to accomplish. As such it is widely 
used for non-circular tunnels, short tunnel cross-passages and back–shunts. In an urban 
environment, reinforcement of soil ahead and above the excavation, short excavation stages and 
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quick closure of the sprayed concrete ring are undertaken to control the induced displacements 
(ICE, 1996). 
In London all of the above mentioned techniques have been adopted for different projects over 
the last few years. An open-face shield TBM equipped with a backhoe at the front was used in the 
construction of the part of the Jubilee Line Extension from Green Park to Waterloo (Mair & 
Jardine, 2001) due to the construction speed and the cost efficiency. EPB machines were used in 
the Channel Tunnel Rail Link (CTRL) project from Stratford to St. Pancras (Bowers & Moss, 2006 
and Wongsaroj et al., 2006), in parts of the Jubilee Line Extension (Mair & Jardine, 2001) and is 
also currently employed for the Crossrail tunnel excavations. Finally the SCL method is used for the 
majority of the station platform tunnels of the Crossrail project. 
The main challenge that the evolution of different tunnelling techniques has had to deal with 
and improve is the control of the tunnel induced soil displacements. This is because excessive 
ground deformations should be restricted in an urban environment as they can cause damage to 
existing surface and subsurface structures. In the following Section 2.2 an empirical framework 
(with latest advances) for assessing tunnel induced ‘greenfield’ soil displacements is presented. A 
review of the latest work performed using the Finite Element method as a tool for dealing with 
tunnelling follows in Section 2.3. In Sections 2.4 and 2.5 both two and three-dimensional 
numerical analyses are reviewed dealing with various aspects of short and long-term soil and lining 
responses. The main focus is given to work done for tunnelling in the London clay. The last Section 
2.6 of this chapter presents field and numerical work carried out to help understand the 
interaction of a new tunnel during and after its construction with existing ones in its close vicinity. 
 
2.2 An empirical framework for estimating soil movements due to tunnelling 
2.2.1 Ground movement mechanism - Volume loss 
Tunnel construction inevitably causes stress relief in the ground and that provokes the 
surrounding soil to move towards the opening. This tendency results in the excavation of a larger 
volume of soil compared to the final tunnel volume (defined by the outer diameter of the TBM). In 
tunnelling practice this excess volume of excavated soil is termed the volume loss (VL) and it is 
usually expressed as a percentage of the theoretical volume of the tunnel. The volume loss is a 
measure of the soil disturbance and in undrained conditions it is equal to the volume of the 
surface settlement trough.  
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The sources of volume loss can be various and for the case of shield tunnelling can be divided 
into four categories (Attewell, 1978) which are illustrated in Figure 2.2 : 
i. the face loss due to the soil movement towards the unsupported tunnel face; 
ii. the shield loss due to the radial soil movements caused by the over-cutting bead around the 
shield; 
iii. the ground loss during and subsequent to lining erection due to the closure of the tail void 
between the tail-skin of the shield and the lining and the probable soil movement around the 
lining immediately after its construction if it does not exactly replace the cross-sectional area 
of the shield; and  
iv. the ground loss after grouting due to the deformation of the lining itself.  
 
 
Figure 2.2: Sources of volume loss for shield tunnelling (after Potts and Zdravković, 2001). 
 
The volume loss depends on the method of construction, the rate of tunnel advance, the 
alignment, the workmanship and of course the type of lining. For instance tunnels constructed 
with the EPB and SS tunnelling methods experience a reduced first component due to the face 
pressure applied in the ground while for tunnels constructed with the SCL method the second and 
the third components do not apply at all.  
The quantification of the volume loss is an important issue for engineers. Numerous 
relationships (Schmidt, 1969, Glossop, 1978, Hurrell, 1985) for its estimation have been proposed 
(see Figure 2.3), based on the stability ratio N as defined by Broms and Bennermark (1967):  
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             Eq. 2.1 
where: σv is the total overburden pressure at the tunnel axis, 
σt is the tunnel support pressure (if applied) and  
Su is the undrained shear strength of the clay 
 
 
Figure 2.3: Relations between stability number N and volume loss vL (after Lake et al., 1992). 
 
The above mentioned correlations show a wide scatter. In an attempt to improve matters Mair 
et al. (1981) introduced a relationship between volume loss and load factor based on a series of 
centrifuge model tests. The load factor was defined as: 
TC
N
LF
N
  
             Eq. 2.2 
with N being the stability ratio at working conditions and NTC the stability ratio at collapse. 
Later O’Reilly (1988) correlated the volume loss with the load factor based on a number of case 
studies while Macklin (1999) proposed the following expression adding some more recent case 
studies: 
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             Eq. 2.3 
The field data that have been presented from several cases of field monitoring are useful. In 
particular O’Reilly & New (1982) presented field data for open faced shield tunnelling in London 
clay where the typical range of VL is 1-2%. This range is quite typical for London clay and Attewell 
& Farmer (1974) reported VL=1.4% for the construction of the Jubilee line beneath Green Park. On 
the contrary, Standing et al. (1996) measured values of 2.9% and 3.3% for the construction of the 
Jubilee extension in St. James’s Park while Barakat (1996) reported VL=1.0-2.9% for the Heathrow 
Express tunnel construction (tunnel shield). Standing & Burland (2006) attributed the high volume 
losses in London clay at St. James’s Park to the effects of geological factors (causing low undrained 
shear strength, varying permeability) and rapid rate of advance of the tunnel construction. In the 
case of the Heathrow trial tunnel (SCL method) volume losses VL=1.0-1.3% were reported by New 
& Bowers (1994). Finally for the CTRL tunnel case (EPB method) the volume loss varied from 0.25% 
to 0.75% for the CTRL alignment in East London (contract 220) where the tunnel passed through 
London clay, Lambeth Group and Thanet sand according to Bowers & Moss (2006). 
The fact that the volume loss is so extensively used in tunnel design highlights its importance 
and Burland et al. (2001) suggested the specification of limits to volume loss as a contractual 
requirement. 
 
2.2.2 Ground surface movements due to tunnelling 
In Figure 2.4 the whole picture of the surface settlements caused by tunnel construction is 
shown. An empirical framework for calculating the surface movements due to a tunnel excavation 
is based on Peck’s statement (1969) that the transverse ground surface settlement trough can be 
described as a Gaussian error function. 
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Figure 2.4: Three-dimensional view of the settlement trough (after Attewell et al., 1986). 
 
According to the empirical approach using the Gaussian error function (Figure 2.5), the vertical 
settlement in the transverse direction can be expressed as: 
2
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             Eq. 2.4 
where: Sv,max is the maximum settlement above the tunnel centreline, 
ix is the trough width parameter (i.e. the standard deviation of the Gaussian equation), 
x is the distance from the tunnel centreline 
The area of the settlement trough can be derived by integration of Eq. 2.4 as: 
.max2s v xV S i  
             Eq. 2.5 
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In undrained conditions (i.e. a tunnel excavation in a low permeability soil like the London clay) the 
settlement below the surface transverse trough is equal to the volume of the soil excavated in 
excess of the theoretical volume of the diameter (D) of the tunnel: 
2
4
s L
D
V V

  
             Eq. 2.6  
where VL is the volume loss  
Combining Eq. 2.4 to Eq. 2.6 the surface settlement for a tunnel of diameter D can be expressed in 
terms of only the volume loss (VL) and the distance to the point of inflection from the tunnel 
centreline (ix) as: 
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             Eq. 2.7 
 
Figure 2.5: Transverse settlement trough (Franzius, 2003). 
 
Various researchers have studied the correlation of ix with different parameters but the most 
relevant one is the tunnel axis depth, z0. O’Reilly & New (1982) analysed a great variety of field 
data from tunnels with different diameters built either in cohesive or non-cohesive soils. They 
come up with the following relationship when the depth to diameter ratio is greater than 1 for 
tunnelling in clay:  
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             Eq. 2.8 
or simplified: 
0xi Kz  
             Eq. 2.9 
K is the trough width parameter which can vary between 0.4 and 0.7 for clays with the value of 0.5 
being the most reasonable for most design cases. Since the above relationship is based on small 
diameter tunnels at relatively shallow depths (z0<20m) various researchers keep collecting data 
and adapting the above equation. Generally all the new data points lie very close to the line 
described by Eq. 2.9 resulting in K values very close to 0.5 for cohesive soils irrespective of the 
tunnelling method adopted (Mair & Taylor, 1997). Recently, GCG (2008) added numerous data 
points from the JLE Contract 102 where the tunnel axis was located deeper. For deeper tunnels 
reduced K values were observed with values varying from 0.35 to 0.45. 
The horizontal displacement of the surface can be calculated assuming that the resultant 
displacement vectors are directed towards the tunnels centre (O’Reilly & New, 1982) as: 
0
(x)v
hx
xS
S
z
   
            Eq. 2.10 
The horizontal strains can be derived by differentiating the above expression as: 
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            Eq. 2.11 
It is noted that positive horizontal movement is considered as being towards the tunnel axis 
and positive horizontal strain is considered to be tensile (as shown in Figure 2.6) resulting in a 
compression zone between the two points of inflection. 
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Figure 2.6: Transverse settlement trough and distribution of horizontal surface displacement and 
strain (Franzius, 2003). 
 
As far as the longitudinal settlement profile is concerned, Attewell & Woodman (1982) 
extended the empirical model. Assuming a Gaussian distribution of the surface settlements in the 
transverse direction, they assigned a cumulative propability curve to the longitudinal surface 
settlement profile (Figure 2.7) by superimposing the settlements caused at different longitudinal 
positions: 
0 ,max( ) ( )v x v
y
y
S y S
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  
 
            Eq. 2.12 
where: Φ(y) is the cumulative probability curve in terms of the longitudinal coordinate y. 
In Figure 2.7 it can be seen that just above the tunnel face the surface settlement is assumed to be 
50% of Sv,max. Attewell & Woodman (1982) showed that in stiff clay this ratio can vary from 30% to 
50%. For the open face shield tunnelling method it is reasonable to assume this ratio to be 50% 
while for EPB or SS tunnelling method it can be considerably less. The iy is often assumed to be 
equal to the ix despite the fact that Attewell et al. (1986) found from case studies that ix is 
generally larger than iy. 
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Figure 2.7: Longitudinal settlement profile (Franzius, 2003). 
 
Similar to the procedure assumed for the transverse direction Attewell & Woodman (1982) 
assumed that the resultant ground surface displacement vectors point towards the centre of the 
tunnel. This results in the following expression for the surface longitudinal horizontal 
displacements: 
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            Eq. 2.13 
 
2.2.3 Subsurface ground movements due to tunnels 
Despite the fact that ground surface movements are probably the most straight forward way to 
quantify the ground disturbance due to tunnel excavation, these are only part of the soil 
displacements induced by a tunnel excavation. The subsurface displacements are also an 
important issue especially when the interaction of a new tunnel excavation with existing 
underground structures (such as existing tunnels) is to be studied. 
A prediction of the transverse subsurface settlement trough can be obtained by applying Eq. 
2.9 with the tunnel depth z0 replaced with z-z0 (where z is the depth of interest) since it has been 
shown through different case studies that they also follow a Gaussian distribution. However, Mair 
et al. (1993), who gathered field and centrifuge data from soft and stiff clays, showed that 
settlement troughs get wider with depth (Figure 2.8a). Thus they proposed the following 
expression for the width parameter iz: 
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            Eq. 2.14 
Similarly by replacing z by z0-z and ix with iz in Eq. 2.9 the K values are calculated by the following 
equation and their distribution with depth is shown in Figure 2.8b: 
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            Eq. 2.15 
 
 
(a)         (b) 
Figure 2.8: Variation of the subsurface a) trough width parameter I and b) K (Mair et al., 1993). 
 
An alternative proposal for the determination of the subsurface width parameter has been 
proposed by Heath & West (1996) which was in good agreement with the proposal of Mair et al 
(1993) at least for z/z0<0.8. Recently, GCG (2008) and Harris & Alvarado (in preparation) analysed 
more recent field data and derived a generalised expression for calculating the subsurface tunnel 
width parameter (Eq. 2.16). It is a power low relationship with respect to the depth of interest and 
the tunnel invert level and m=0.5. The relationship yields better predictions closer to the tunnel 
crown. 
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            Eq. 2.16 
Different techniques have been introduced for calculating the subsurface horizontal 
displacements. By trying to ensure zero volumetric strain condition, Taylor (1995) calculated them 
based on the assumption that the displacement vectors are directed to a point placed 
0.175z0/0.325 below the tunnel centre. However, New & Bowers (1994) had already showed that 
the point of sink is far from being unique for different depths based on measurements above the 
Heathrow Express trial tunnel. Based on a series of centrifuge tests, Grant and Taylor (2000) 
proposed that the displacement vectors are directed towards a point which can be specified by 
the direction of the tangent of the distribution of the distance to the point of inflection (iz) with 
depth and its intersection with the tunnel’s vertical axis. Finally GCG (2008) proposed the point of 
sink of any horizontal line located at zs below ground level to be at a distance equal to 
0
1
( 1)( )sz z
m
   below the tunnel. 
 
2.3 Numerical analysis of tunnelling - Advantages 
The empirical approaches summarized above are constrained to ‘greenfield’ situations and 
predict the ground surface and subsurface short-term soil displacements due to tunnel 
construction. Despite the fact that they provide a valuable tool for tunnel design they have many 
limitations. They are totally uncoupled with the loads on the tunnel lining (Potts and Zdravković, 
2001), they do not apply in the long term and they cannot incorporate any adjacent influences 
from other structures. It is obvious that a numerical analysis (such as the finite element method) 
can deal with these discrepancies and it can model any boundary value problem irrespective of its 
complexity in quite a realistic way. In particular, with the finite element method Potts and 
Zdravković (2001) showed that: 
• the construction sequence can be simulated (i.e. different tunnelling techniques), 
• realistic soil behaviour can be incorporated with the variety of soil models that are available 
in different finite element codes,  
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 the lining response is an integral part of the analysis since structural elements are available 
in most software, 
• long-term conditions can be taken into account as the pore pressure changes can be an 
integral part of a coupled analysis and  
• the influence of structures or other tunnels in the close vicinity can be accounted for. 
In the following the modelling of tunnel construction within a finite element program will be 
considered and results of short and long-term response due to tunnelling from previous numerical 
researchers will be presented. The results include both two and three-dimensional analyses. 
 
2.4 Two-dimensional analysis and field observations 
2.4.1 Modelling of tunnel construction 
Tunnel construction is a three-dimensional process but because a three-dimensional finite 
element analysis is quite demanding in terms of computational resources, there exist two-
dimensional plane-strain ways for dealing with the modelling of the tunnel excavation which were 
summarized by Potts and Zdravković (2001). Some of these are described below. 
In the ‘gap’ method (Rowe et al., 1983) the initial and final position of the tunnel are 
predefined. The final size of the tunnel is actually smaller than the initial one and the gap 
parameter defines the difference between the diameters of the initial and final tunnel size. With 
the excavation of the soil elements, inside the initial size tunnel, the nodes of the excavation 
boundary are free to move so as to reach the final tunnel position. Once this happens the soil-
lining interaction is activated. 
In the ‘convergence confinement’ method (Panet and Guenot, 1982) a certain amount of 
unloading, λd, is predefined before the lining is constructed. The initial forces provided by the soil, 
F0, on the tunnel boundary are reduced incrementally and in every increment are given as F=(1-
λ)F0 with λ varying between 0 and 1. Once λ=λd the tunnel lining is constructed and thereafter 
lining stresses are created by the remaining excavation. 
In the ‘progressive softening’ method (Swoboda, 1979) a reduction of the soil stiffness within 
the tunnel boundary is applied together with the excavation forces (as in the ‘convergence 
confinement’ method) before the construction of the tunnel lining which, once again, is installed 
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before the end of the excavation process. This method was developed for modelling tunnel 
excavation with the New Austrian Tunnelling Method (NATM). 
The ‘volume loss control’ method as described by Addenbrooke et al. (1996) and used by 
previous researchers at Imperial College is a method which is equivalent to the convergence 
confinement approach but with the difference that the predefined magnitude is now the volume 
loss. As stated above, the volume loss is a well-understood and, more importantly, a well-
measured parameter. It goes without saying that this method is applicable not only for the back-
analysis of cases where the volume loss has been measured but also for predictive analysis as the 
volume loss tends to be a design requirement for an increasing number of tunnel designs. The 
volume loss method was used throughout this thesis for any two dimensional tunnelling 
procedure and it is described into detail in Section 3.2.7. 
 
2.4.2  Short-term response 
Many authors performed 2D analyses and argued that realistic predictions of short-term soil 
displacements can be obtained when soil models which manage to reproduce the pre-failure non-
linearity are used (Losacco, 2011). However, it is generally observed that finite element analyses 
predict swallower and wider surface settlement troughs compared to the field measurements for 
tunnelling in stiff overconsolidated clays, like the London clay.  
The Jubilee Line Extension beneath St. James’s Park, London, was a very extensively monitored 
site and consequently several researchers have simulated it and compared numerical predictions 
of ground surface settlement with the field data as reported by Standing et al. (1996). The exact 
geometry of the site can be found in Chapter 4 of this thesis (Section 4.4.1). The volume loss for 
the Westbound tunnel at this site was VL=3.3%, which was surprisingly high for a London clay site. 
Addenbrooke et al. (1997) performed a suite of 2D plane-strain analyses examining the 
influence of different elastic pre-yield models coupled with a Mohr-Coulomb failure criterion. The 
isotropic elastic pre-yield models that were used were:  
i. a linear Young’s modulus increasing with depth, 
ii. the non-linear elastic model of Jardine et al. (1986) where the shear stiffness varies with the 
deviatoric strain and mean effective stress and the bulk stiffness varies with volumetric strain 
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and mean effective stress using trigonometric functions (referred as J4 in the following 
figures, see also Appendix A) 
iii. a non-linear elastic model as described by Puzrin & Burland (1998) where the shear and the 
bulk stiffness both vary with the deviatoric strain and mean effective stress using a logarithmic 
function (referred as L4 in the following figures) 
The coefficient of earth pressure at rest K0 initial stress ratio of the site for all the analyses was 
K0=1.5 for the London clay and was based on the values reported by Hight & Higgins (1995). 
In Figure 2.9 the ground surface settlement troughs obtained from the above mentioned 
analyses are shown and compared with the field data. The introduction of pre-yield non-linearity 
improved the magnitude of the settlements compared to the linear elastic pre-yield model. The 
difference in the two non-linear elastic models does not affect the results significantly. Despite the 
overall improvement, the resulting settlement troughs are generally not satisfactory in terms of 
shape and magnitude, being too wide and too shallow compared to the field measurements. 
 
 
Figure 2.9: Surface settlement profiles for the excavation of the Westbound tunnel at St. James’s 
Park – different pre-yield models (after Addenbrooke et al., 1997). 
 
Gunn (1993) had also reached the same conclusion using a non-linear elastic model and having 
a lower K0=1. The importance of K0 was discussed by Gens (1995) and there is some strong 
evidence that as a tunnel heading approaches, the effective stress ratio increases above and 
below the tunnel and reduces at the sides (Potts and Zdravković, 2001). The introduction of such a 
low K0 zone around the tunnel by Addenbrooke (1996) made the trough deeper and narrower. 
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However such a zone (used to justify the stress changes in front of the tunnel) is inconsistent with 
the use of non-linear elastic model assuming no strain has taken place ahead of the tunnel face 
(Potts and Zdravković, 2001). This means that reducing the K0 for taking into consideration these 
stress changes has to be combined with a relevant stiffness change for the non-linear elastic 
model which cannot be quantified a priori. 
Another contribution by Addenbrooke et al. (1997) was the study of the influence of anisotropy 
of the non-linear pre-yield model. Figure 2.10 shows the results of this study in which a 
transversely anisotropic soil model was used. The anisotropy was basically controlled by two ratios 
n=E’h/E’v and m’=Gvh/E’v (with v and h defining the vertical and horizontal planes respectively). The 
n was set to 0.625 (from Burland & Karla, 1986) for all the analyses performed. When the m’ took 
a realistic value m’=0.444 (from Burland & Karla, 1986), the resulting settlement trough (noted as 
AJ4i) does not show any improvement either in magnitude or in shape when compared with the 
isotropic nonlinear one from Figure 2.9. However, the trough which corresponds to a very low (but 
unrealistic) value of m’=0.2 (noted as AJ4ii) is an improvement. The idea that including anisotropy 
to a soil model in a finite element analysis would improve the predictions was, originally, 
suggested by Lee & Rowe (1989). 
 
 
Figure 2.10: Surface settlement profiles for the excavation of the Westbound tunnel at St. James’s 
Park – anisotropic pre-yield models (after Addenbrooke et al., 1997). 
 
Grammatikopoulou (2004) investigated the same case study using two and three surface 
kinematic hardening models (based on the work of Al-Tabbaa & Wood, 1989 and Stallebrass & 
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Taylor, 1997 respectively). The use of these models allows the user to take into account not only 
the stress path direction but also to model the previous stress history (see Chapter 4 for more 
details on these models). The modelling of the previous geological stress history involved the 
removal of the almost 200m of London clay and the subsequent deposition of Made ground and 
Alluvium layers (for the particular site). In Figures 2.11and 2.12 the results of this study are 
summarized. The results refer to analyses where the London clay was modelled either with the 
two or the three-surface kinematic model (2-SKH and 3-SKH, respectively) while the letter M 
defines whether or not a smooth elasto-plastic transition was implemented in the model (see 
Grammatikopoulou, 2004 for details). In particular, Figure 2.11 shows that the use of the more 
sophisticated kinematic hardening models, when the previous stress history was modelled, 
increased the magnitude of the predicted surface settlements and made the trough narrower 
compared to the previous prediction of Addenbrooke et al. (1997), which is also shown in the 
figure (labelled as J4). However, the comparison with the field measurements was still poor. 
 
 
Figure 2.11: The effect of the kinematic hardening models on the surface settlement troughs 
(Grammatikopoulou, 2004). 
 
In addition, in Figure 2.12 the results from two analyses where the London clay was simulated 
with the three-surface model are shown. In the first one (labelled as M3-SKH 1) the effect of the 
previous stress history was taken into account whereas in the second (labelled as M3-SKH 2) this 
effect was erased. The latter was achieved by centring the ‘bubbles’ around the current stress 
state after the modelling of the previous stress history. As such, only the effect of the direction of 
the stress paths (Grammatikopoulou et al., 2008) was considered. The word ‘softer’ in the legend 
indicates that stiffness degraded faster during the tunnel excavation compared to how fast it 
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decayed during the previous stress history part of the analysis. Erasing the effect of the previous 
stress history deteriorated the comparison with the field measurements suggesting its importance 
in achieving realistic surface settlement predictions when the kinematic hardening surface models 
are used in a tunnelling problem.  
 
 
Figure 2.12: The effect of modelling the previous stress history with the kinematic hardening 
models on the surface settlement troughs (after Grammatikopoulou et al., 2008). 
 
Mašin & Herle (2005) compared numerical analysis predictions of settlements with different 
constitutive models with field measurements for a NATM tunnel in London clay. They concluded 
that a numerical constitutive model should be able to capture the non-linearity in the small 
strains, the anisotropy and the stiffness dependence on the stress path direction of the soil for 
realistic predictions to be made. 
Finally, González et al. (2012) also analysed the St. James’s Park case study. The main 
differences of their analyses with the previous researchers who analysed the same case study 
were the consideration of different mechanical behaviour for the various units of the London clay 
and the incorporation of structure (due to bonding) in the material model they used. The model 
they used was close to the one described by Rouainia & Wood (2000). This model is a kinematic 
hardening surface model which includes a surface which separates elastic from elastoplastic 
behaviour (‘bubble’), a structure surface as the bounding surface and a reference surface. All these 
surfaces change in size with plastic volumetric strain. They also adopted a hardening modulus 
which can predict smooth elastoplastic transition adopting the formulation proposed by 
Grammatikopoulou et al. (2006). In their analysis four scenarios were examined, based on 
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whether or not structure was used in their model and whether they assumed a low or high initial 
elastic stiffness (see Figure 2.13). The tunnel excavation was performed with the ‘convergence 
confinement’ method. They compared the short-term results, both surface and subsurface, with 
field measurements. They concluded that the analysis with both high initial stiffness and structure 
gave realistic predictions of soil displacements and pore water pressures (see Figure 2.14 for 
example where the surface settlements predicted by the numerical analysis compared with the 
field monitoring data. The effect of the initial stiffness was more significant compared to the effect 
of structure. However, it should be noted, that despite the fact that the model used in their 
analysis was able to model the previous stress history of the site, this was not done. They used 
instead a K0 and intrinsic preconsolidation profile derived by Grammatikopoulou et al. (2008) for 
the St. James’s Park site. This results in an inconsistency between the material model parameters 
used and the initial conditions adopted which as is shown later in this thesis can be quite an 
important issue (see Chapter 4). 
 
 
Figure 2.13: Calibrated normalised modulus decay curves for undrained triaxial compression tests 
for unit A3 of the London clay against low and high stiffness experimental data (González et al., 
2012). 
 
 
Figure 2.14: Surface settlement troughs from the numerical analysis performed by González et al. 
(2012). 
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2.4.3 Long-term response 
Based on Peck’s (1969) statement for the requirements of a satisfactory tunnel, its long-term 
behaviour is an issue that should be considered by designers. Field measurements of long-term 
settlements are not often available because field monitoring is concentrated mostly on the short-
term response (Mair, 2008). However, research on this issue reveals that soil displacements keep 
evolving after tunnel construction because the construction of a tunnel provokes changes in the 
pore water pressure regime and it also alters the hydraulic boundary condition of the site. 
According to Mair & Taylor (1997) the magnitude and distribution of the long-term soil 
displacements are mainly influenced by: 
i. the magnitude and distribution of the excess pore water pressures in the soil due to the 
tunnel construction, 
ii. the soil’s compressibility and permeability, 
iii. the relative soil-lining permeability and  
iv. the pore water pressure distribution in the ground prior to the tunnel construction.  
Despite the fact that field measurements for long-term soil response above tunnels are very 
rare, some exist and they are, primarily, concentrated on the vertical ground surface 
displacements and ground pore water pressure changes with time after tunnel construction. 
O’Reilly et al. (1991) measured long-term ground surface settlement at Grimsby. They observed 
that the settlement trough widened 2 to 3 times over 11 years of field monitoring. Bowers et al. 
(1996) presented measurements over the Heathrow Express Trial tunnel over a period of 3 years 
after its construction that showed an up to 42% increase of the surface settlements while the pore 
water pressure returned to almost their initial values during this period. Nyren (1998) presented 
measurements during the first two years after the completion of the Jubilee Line Extension under 
St. James’s Park where the maximum surface settlement almost doubled. Peck (1969) and Mair 
(1998) presented field measurements that indicate that the long-term surface settlement trough 
becomes deeper and wider compared to the initial short-term ones.  
Mair (2008) (after personal communication with Standing) presented subsurface long-term 
settlements of the ground from two different case studies: St. James’s Park and Elizabeth House at 
Waterloo, London. Figure 2.15 shows the vertical settlements of different subsurface points at the 
two sites. It is observed that the ground kept settling during the 11 years that the field 
measurements were taken. In the St. James’s Park site the magnitude of monitored settlements 
was, approximately, 5 times larger and their rate of increase is higher than at the Elizabeth House 
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site. This was attributed by Mair (2008) to the lining permeability compared to the soil and the 
pore water pressure profiles with depth in the two sites. In particular, at St. James’s Park the 
tunnel linings consisted of expanded precast concrete segments which were not grouted after 
erection but at Elizabeth House the tunnel linings consisted of sprayed concrete with a secondary 
reinforced concrete layer. Consequently at the St. James’s Park site the tunnel linings had 
significantly higher permeability and as such more related consolidation settlements. Additionally, 
the initial pore water pressure profiles with depth at the two sites were different. At the St. 
James’s Park site it was almost hydrostatic while at the Elizabeth House site it was heavily 
underdrained. In Mair’s (2008) opinion, this also contributed to the difference in the measured 
consolidation settlements.  
 
 
Figure 2.15: Comparison of consolidation settlements at St. James’s Park and Elizabeth House 
(after Mair, 2008 through personal communication with Standing, 2006). 
 
Mair (2008) also showed pore water pressure measurements at different distances from the 
springline of different bolted cast iron tunnel linings in London clay (see Figure 2.16). It was shown 
that in the long-term, the pore water pressures were reduced closer to the lining and increased 
with increasing distance. This indicates that these tunnels act as drains in the long term allowing 
water to flow into the tunnel. However, as noted by Gourvenec et al. (2005), this was not the case 
for the Kennington tunnels which were constructed in unit A2 of the London clay which was 
relatively more permeable compared to the tunnel lining (unit A2 usually has a significant sand 
content). The tunnel lining behaved completely impermeably with the pore water pressures not 
showing any significant reduction next to its axis. 
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Figure 2.16: Pore pressures at increasing distance from tunnels springline (Mair, 2008). 
 
Wongsaroj et al. (2007) presented surface and sub-surface vertical displacements between the 
West and the East-bound tunnel construction of the Jubilee Extension at St. James’s Park site. This 
involved a consolidation period of almost a year (256 days) during which the Westbound tunnel 
lining was acting as drain according to the in-tunnel observations of Nyren (1998). Wongsaroj et al. 
(2007) identified that the mechanism of the long-term soil displacements consisted of a 
combination of swelling, consolidation and rigid-body movement as shown in Figure 2.17. This was 
further confirmed when they studied the surface and subsurface soil vertical displacements after 
construction of the Eastbound tunnel for a period of 432 days. 
 
 
Figure 2.17: Schematic diagram indicating zones of different response during consolidation due to 
the West-bound tunnel at St. James’s Park site (Wongsaroj et al., 2007). 
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As with the long-term soil response case studies there are few field data concerning the long-
term lining behaviour. For instance, in Figure 2.18 the development of hoop thrust with time (for a 
period of almost 30 years) as a percentage of the overburden load for the Regents Park site 
(Barratt et al., 1994) is shown. It is noticeable that there is an increase of the hoop force both at 
the axis of the tunnel and the crown of the tunnel with time. The thrusts reached 60% and 40% of 
the overburden load, respectively. 
 
 
Figure 2.18: Hoop thrusts percentages compared to the overburden from Regents Park data (from 
Shin et al., 2002, after Barrat et al., 1994) 
 
Additionally, Wright (2009) presented the distortion of tunnel sections between Embankment 
and Waterloo stations of the Northern line (Figure 2.19). In the figure it is shown that under the 
river (right part of the figure) the distortion of the tunnels is negligible. This was attributed to the 
fact that under the river the tunnel permeability was substantially reduced due to grouting and 
the tunnel lining was not deforming much. On the contrary, before reaching the river, where no 
particular waterproofing measures were taken, the tunnel tends to squat (i.e. the horizontal 
diameter increases and the vertical diameter decreases). Mair (2008) had already given a 
qualitative approach of the tunnel long-term deformation characteristics which agreed with the 
above mentioned observed data and is shown in Figure 2.20. 
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Figure 2.19: Plot of tunnel distortions between Embankment and Waterloo (Wright, 2009). 
 
 
Figure 2.20: Qualitative response of soil and tunnel lining in the long-term for tunnel lining being 
completely permeable (Mair, 2008). 
 
The field data triggered some researchers to investigate whether they could reproduce the 
observed long-term soil and lining behaviour numerically and to possibly explore other aspects of 
the long-term response of a site due to tunnelling through finite element analyses.  
Shin et al. (2002) performed non-linear finite element analyses with coupled hydraulic and 
mechanical behaviour (using ICFEP) in order to determine the parameters controlling the long-
term behaviour. They analysed a common soil profile for London in which a 4m diameter tunnel 
was placed 20m below the ground surface and the stratigraphy consisted of 5m of Thames gravel 
overlying 30m of London clay, beneath which 15m of Lambeth group was present. In their 
analyses a variable permeability model, where the permeability of the soil varies with the mean 
effective stress (k=f(p’)), was used. They examined three different scenarios for the permeability 
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of the lining: impermeable, fully permeable and a lining with a finite permeability of 10% of the 
soil permeability at the axis of the tunnel (see Section 3.2.7 for details on the hydraulic boundary 
conditions). As far as the ground movements are concerned, it was revealed as expected; that the 
ground keeps settling if the lining was modelled to be fully permeable. For both the lining with 
finite permeability and the fully permeable lining the ratio of the volume of the surface settlement 
trough over the volume of the tunnel increased with time. For example, for the fully permeable 
case this ratio reached 6% in the long term (being 2% after the tunnel excavation). In contrast, for 
the impermeable lining scenario, this ratio decreased with time. The increase of the ratio is 
equivalent to the on-going settlement of the ground surface in the long term which was the 
observed behaviour for permeable tunnels for various cases (see above). In Figure 2.21 the 
variation of hoop forces at the crown of the tunnel lining with time from their analysis is shown. 
When the lining was modelled as fully permeable changes in the hoop thrust were insignificant, 
with a slight tendency to reduce with time. The opposite was observed for a lining of finite 
permeability and the impermeable one where the hoop force increased with time. It is worth 
noting that in order to qualitatively capture field observations, different assumptions for the lining 
permeability had to be made. It seems that the modelling of the lining with finite permeability can 
reproduce both the increase of the ground surface settlements and the increase of the hoop 
forces of the lining in the long term as is commonly revealed by field measurements (see above). 
However, it has to be noted that in practice the permeability of a real tunnel lining is quite difficult 
to quantify. 
 
 
Figure 2.21: Effect of the lining permeability to the hoop thrust at the crown of the tunnel lining 
(Shin et al., 2002). 
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Wongsaroj et al. (2007) also included a finite element analysis of the long-term soil 
displacements for the St. James’s Park site (a 2D analysis using ABAQUS was performed with the 
initial conditions being assessed by a 3D analysis of the short-term response of the site due to the 
tunnelling procedure). They concluded that modelling the soil layering within the London clay in 
terms of each sub-unit’s permeability is an important factor for the accurate prediction of the 
long-term ground response due to tunnelling. They additionally highlighted that the drainage 
conditions of the lining itself may need to be non-homogeneous following in-tunnel observations. 
In this particular case their analysis was in better agreement with the field measurements when 
the tunnel lining was simulated to be permeable below the springline and impermeable above it. 
They also related the soil stiffness anisotropy with the tendency of the lining to squat in the long 
term. When isotropic soil stiffness was used the predicted lining deformations were in the 
opposite direction to the field measurements. 
Mair (2008) reproduced a parametric numerical study (with ICFEP) concerning the long-term 
soil response due to tunnelling varying the lining permeability and also the anisotropy of the soil 
permeability (the tunnel’s soil layer permeability, i.e. of the soil layer that contains the tunnel, was 
either isotropic or anisotropic but always constant not varying with p’). Concerning the lining 
permeability he confirmed the findings of Shin et al. (2002). When the anisotropy of the tunnel soil 
layer permeability was changed, making the horizontal (kh) 4 times the vertical (kv), the long-term 
ground surface settlement profile became not only deeper but also wider. Consequently, the lining 
permeability and the anisotropy of the tunnel soil layer permeability affected the long-term squat 
of the tunnel lining. The more permeable the tunnel lining and the more anisotropic the tunnel 
soil layer permeability were, the more the tunnel squatted. Wongsaroj et al. (2013) came to the 
same conclusions concerning both the lining permeability and the anisotropy of the soil 
permeability using ABAQUS. 
 
2.5 Three-dimensional numerical analysis of tunnelling 
Tunnel construction has been widely simulated with two-dimensional finite element analyses. 
This can be attributed to the fact that three-dimensional analyses are extremely demanding in 
terms of the computer resources required. However, over the past few years 3D finite element 
analyses have become an increasingly popular tool for modelling tunnel construction. This is 
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related to the advances in computer technology which can now accommodate analyses that 
require large amounts of computational resources. Moreover the inability of 2D analyses to 
reproduce (in most of the cases as described above) realistic short-term soil response for 
tunnelling in stiff overconsolidated clay was attributed by many researchers to the fact that 2D 
analysis completely neglect the 3D nature of a tunnel excavation (like the progressive 
advancement of the excavation front). Finally, there is an increasing need to model more 
complicated tunnel alignments than those of tunnels with straight axis at a constant depth 
(Losacco, 2011) and to incorporate the interaction of new tunnels with existing surface and 
subsurface structures that only a 3D analysis can simulated. 
Different methods have been proposed in the literature for 3D tunnel excavation. The least 
complex one which overcomes the geometry limitations of plane-strain analysis but does not 
address the progressive front advancement is the simultaneous excavation method. Tunnel 
excavation is simulated up to the desired face position and the tunnel lining is simultaneously 
constructed over the whole length (modelled with shell elements). The excavation can use either a 
force or a displacement controlled technique. Augarde et al. (1998) and Burd et al. (2000) used 
this technique to investigate the effect of tunnel construction on existing buildings assuming four 
stages over which the face was advanced. They both ended up with wider settlement troughs than 
that expected from a Gaussian curve. 
The majority of the details of a tunnelling process can be reproduced when detailed tunnelling 
simulation is adopted. With this technique, aspects like the shield (weight, stiffness, and shape), 
the hydraulic jack forces, the distribution of face pressure, the tail grouting are modelled in the 
numerical analysis. The complexity of such an analysis is high, requiring very detailed geometrical 
modelling (Losacco, 2011) and extensive computer resources. Komiya et al. (1999) using this 
detailed procedure managed to reproduce ground surface settlement in good agreement with 
field observations. Kasper & Meschke (2004) analysed a shield tunnel in soft homogenous ground, 
modelling all the relevant components of the construction process. The interactions between the 
shield and the soil and the lining and the grouting were also considered. The predicted response in 
terms of settlements, pore water pressure distributions, stresses and deformations in the lining 
and in the soil managed to reproduce the main characteristics of a TBM. Kasper & Meschke (2006) 
performed a sensitivity analysis looking into the effect of different parameters relevant to 
tunnelling with a TBM like the face support pressure, the grouting pressure, the trailer weight and 
length, weight and taper of the shield machine. They concluded that the influence of each 
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parameter can only be related to the particular case analysed rather than applied generally since 
the influence of each parameter is expected to depend strongly on the soil behaviour. 
The most commonly adopted approach for modelling tunnels three-dimensionally is the step-
by-step approach proposed by Katzenbach & Breth (1981). The tunnel excavation is simulated by 
successive removal of soil elements over a certain length in front of the current tunnel face. The 
lining is installed successively at a certain distance behind the tunnel face, a distance most often 
reported as excavation length (Lexc). With this method it is possible to reproduce the gradual 
development of the surface settlements as the tunnel face advances while the short-term 
settlement should be fully evolved at a distance behind the current tunnel face position. This 
should ideally be the ultimate stage for the soil induced displacements which should then remain 
unchanged for further tunnel advancement, a condition called ‘steady-state’ by Vermeer et al. 
(2002). The most representative research using the step-by-step 3D modelling of a tunnel and 
addressing different challenges such as achieving a ‘steady-state’ condition are reviewed below. 
In their work Katzenbach & Breth (1981) modelled a NATM tunnel excavation in Frankfurt clay. 
Despite the fact that they claimed this was only a first step in 3D modelling of tunnels, they 
identified that keeping the excavation length short is important for the stability of the excavation, 
especially at the roof of the tunnel between the already closed ring and the tunnel face. They also 
noticed arching of the soil in front of the tunnel face (a typical 3D soil behaviour). 
The Heathrow trial tunnel (NATM tunnel) in London clay was simulated numerically by Tang et 
al. (2000). In their analysis the London clay was modelled by a transversely anisotropic linear-
elastic perfectly plastic constitutive model in a stress regime of K0=1.5. The tunnel was excavated 
with a rate of 2.5m per day adopting a Type 2 construction sequence which involved a left and a 
right drift. The excavation length was varied assuming it to be either 5m or 10m. For both 
excavation lengths the transverse settlement troughs were wider and shallower and the 
longitudinal ground surface profiles were shallower than the measured ones. However a ‘steady-
state’ was identified for both excavation lengths assumed, with the ‘steady-state’ ground surface 
settlement depending on the excavation length. The higher the excavation length the more 
ground surface settlement was predicted in their model. 
Vermeer et al. (2002) compared linear elastic perfectly plastic 2D analysis using the 
convergence confinement method (Panet and Guenot, 1982) with a 3D analysis and the shape of 
the evolved troughs were identical. They also highlighted the fact that to achieve a reliable steady-
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state the excavation should be simulated over a large length. The influence of the vertical 
boundaries in front of and behind the tunnel face was tremendous. Steady-state was only 
achieved at a distance of 5 tunnel diameters behind the final position of the tunnel face. A 
distance of 4 tunnel diameters from the starting edge of the excavation was necessary for the 
predicted ground settlement not to be affected by the way the first excavation length was 
simulated.  
Guedes & Santos Pereira (2000) and Doležalová (2002) looked into the effect of K0 on the 
predicted settlement trough. They concluded that the trend of wider surface settlement troughs 
when a higher K0 is assumed in the soil layer is not affected by whether the tunnelling is simulated 
two or three-dimensionally, in fact it seems quite independent of it. 
Franzius et al. (2005a) performed a parametric analysis in order to investigate further the 
influence of the mesh dimensions on settlement predictions obtained from 3D finite element 
analysis. This was achieved by varying the total length of tunnel constructed (Ltunnel), the length of 
the soil in front of the final position of the tunnel excavation (Lsoil) and the length of each 
excavation step (Lexc).They analysed a 4.15 diameter tunnel located 20m below the ground surface 
in soil modelled to behave non-linearly elastic perfectly plastic with a K0=1.5. They found that a 
length of 13 diameters for Lsoil is sufficient to limit the influence of the vertical boundary in front of 
the final position of the excavation on the predicted surface settlements. They also showed (Figure 
2.22) that if a tunnel is constructed over a long enough distance of Ltunnel the predicted longitudinal 
ground surface settlements are unaffected for any position in front of the final tunnel face and up 
to 20m behind it (-70m to 20m at the figure), irrespective of the Ltunnel. The settlements are 
different, though, behind that point being affected by the vertical boundary where the excavation 
started. ‘Steady-state’ was not achieved for any Ltunnel or Lsoil unless the K0 of the soil layer was 
reduced to 0.5. The Lexc was shown to be restricted by the computational resources available. Low 
Lexc increases the size of the mesh but results in more realistic values of volume loss. The study 
revealed that the choice of appropriate lengths of Lsoil, Ltunnel and Lexc is dependent on the soil 
conditions and as such they need to be evaluated before performing a three-dimensional finite 
element simulation of a tunnel. 
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Figure 2.22: Influence of Ltunnel on the predicted longitudinal ground surface settlements (Franzius 
et al., 2005a). 
 
Franzius et al. (2005b) investigated the effect of soil anisotropy and K0 on ground surface 
settlements by analysing the Westbound tunnel of the St. James’s Park case study (see section 
2.4.2) both in 2D and 3D. It was shown that only when an unrealistic degree of the elastic soil 
stiffness anisotropy and low K0 were used, did the 3D analysis result in satisfactory agreement 
with field measurement in terms of the shape of the settlement trough. However the predicted 
magnitude of the surface settlements was highly-overpredicted. All the other combinations of 
either realistic K0 or realistic degree of anisotropy compared poorly with the field measurements 
while the improvement compared with the respective 2D analyses was marginal. They concluded 
that neither elastic soil stiffness anisotropy nor 3D effects were responsible for wider and 
shallower settlement troughs predicted by simpler 2D analyses in a high K0 regime (see Section 
2.4.2). Ng et al. (2005) also studied the effect of the K0 of the tunnel soil layer and the degree of 
the soil stiffness anisotropy by performing 3D step-by-step excavation with the same conclusions 
as Addenbrooke (1996) and Franzius et al. (2005b). The settlement troughs became narrower and 
deeper when the K0 decreased and when the ratio n=E’h/E’v increased. 
Recently, Mašin (2009) performed a 3D step-by-step approach to simulate the Heathrow trial 
tunnels (adopting a Type 2 construction sequence for the NATM tunnel similar to that of Tang et 
al. (2000) described above) looking into the effect of different soil models on the settlement 
predictions. In particular he used the Modified Cam Clay model and a more advanced soil model 
which is based on hypoplasticity (it models the non-linear soil behaviour using a non-linear rate 
equation) to simulate the London clay. The K0 profile assumed for the analysis was taken from the 
data presented by Hight et al. (2007) from their work on the Heathrow Terminal 5 site. The 
parameters of the more advanced soil model were calibrated against experiments on intact 
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samples of unit B2 of the London clay presented by Gasparre (2005) and Gasparre et al. (2007a, b). 
The comparison of available field data with the predictions of both models revealed a quantitative 
and qualitative improvement when the more complex model was used. However, the predicted 
ground surface settlement profiles (in both directions) were still wider than the measured ones 
which was attributed by the author to the fact that anisotropy of the soil elastic stiffness was not 
incorporated into the model. In the advanced modelled he used he could independently vary the 
magnitude of the soil’s shear stiffness in the very small-strain range, in the large-strain range and 
the rate of the stiffness degradation. The parametric analysis he performed varying each time only 
one of the above factors (and keeping the other two constant) revealed that all these three factors 
influence the predicted soil displacements significantly. The increase of the magnitude of both the 
small-strain and the large-strain stiffnesses improved the predictions making the settlement 
troughs narrower and deeper. The influence of increasing the rate that the stiffness degrades did 
not show a particular trend.  
 
2.6 Interaction of tunnels with existing tunnels 
The problem of the interaction of a new tunnel excavation with existing tunnels is an issue that 
is becoming increasingly important. The fact that more and more tunnels are being constructed in 
urban areas (as existing systems are enlarged) makes the subsurface environment congested and 
as such there are an increasing number of cases where new tunnels have to be constructed in the 
vicinity of existing ones. The interaction between the tunnels has to be controlled in a way that 
the existing tunnels remain operative during and after the completion of the construction of the 
new tunnel. Consequently, limits on allowable deformations should be specified (Kimmance et al., 
1996). Two kinds of tunnel-tunnel interaction problems are generally encountered according to 
the relative geometry of the tunnels, tunnels with their axes parallel and tunnels at different levels 
which cross at a skew angle. Field monitoring and the numerical research into this interaction 
problem is described below. 
 
2.6.1 Field measurements 
Field measurements of tunnel interaction with existing tunnels are generally rare but those that 
exist offer a valuable database for the future design of such cases and an important reference 
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against which numerical analysis can be validated (Cooper et al., 2002). It is generally noted that 
three different patterns of tunnel displacement should be monitored in such a problem:  
a. Settlement, 
b. Rotation and 
c. Distortion 
Various researchers have presented measurements concerning the above mention deformation 
characteristics and the most representative ones are summarised below, mainly for tunnel-tunnel 
interaction case studies encountered in London. 
Barakat (1996) concentrated on the settlement and distortion of the existing Piccadilly line cast 
iron tunnels at the Heathrow Terminal 4 Station due to the construction of the two Heathrow 
Express tunnels which were constructed using the Sprayed Concrete Lining (SCL) technique.  
Kimmance et al. (1996) presented field measurements of deformations of existing tunnels in 
the London Bridge area. The new Northern line station tunnel (8m in diameter) was constructed 
parallel to the existing Northern line grey cast iron segmental lining station tunnel (6.5m in 
diameter) with their horizontal clearance being 5.8m. The measured horizontal and vertical 
changes in diameter were 4mm to 6mm and -5mm to -7mm, respectively. This indicated that the 
existing tunnel ‘squatted’ (i.e. increase in the horizontal axis and decrease in the vertical axis). The 
Jubilee Line Extension West and Eastbound tunnels were constructed with the SCL method and 
passed below the existing Northern line tunnels (clearance: 0.4-0.8m) and new Northern line SCL 
tunnel (clearance: 2m) at an angle of 40° as shown in Figure 2.23. The maximum settlements 
measured at the existing tunnels were between 9mm to 20mm due to the excavation of the two 
new JLE tunnels. The length of the horizontal and vertical diameters changed between 2mm to 
8mm and the tunnels deformed accordingly. It has to be noted that the movement of the linings 
was first detected when the excavation face was 4-8m away and care was taken to ensure that the 
existing tunnels would perform longitudinally as a single unit (either by tightening the lining bolts 
or by reinforcing the invert concrete). 
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Figure 2.23: Plan view of the new Jubilee line extension tunnels below the existing Northern line 
tunnels and new Northern line tunnel at the London Bridge area (Kimmance et al., 1996). 
 
Selman (1998) reported on the settlement, rotation and distortion of the existing Bakerloo and 
Northern Line tunnels at Waterloo and the District and Circle Line tunnels at Westminster due to 
the construction of the Jubilee Line Extension (JLE).  
Standing & Selman (2001) presented field measurements of existing tunnels at Waterloo and 
Westminster resulting from construction of the new Jubilee Line Extension (JLE) tunnels. Next to 
Elizabeth House the Bakerloo line and the Northern line tunnels and at Jubilee Gardens the Shell 
Centre water cooling tunnel were monitored. The plan view of the former area is shown in Figure 
2.24. The JLE tunnels at this location involved the excavation of two tunnels with the sprayed 
concrete lining method (SCL) while the existing Bakerloo and Northern line tunnels were 
constructed with bolted grey cast iron segments. The monitoring inside the existing tunnel linings 
involved precise levelling and tape extensometer measurements which gave insight into the 
imposed settlements, cross-sectional and longitudinal distortions and twisting of the existing 
tunnel due to the excavation of the JLE tunnels beneath them. In Table 2.1 the clearance between 
the invert of each of the monitored tunnels to the crown of the JLE tunnels, the measured 
settlements and the cross-sectional distortions of the existing tunnels are summarised. 
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Figure 2.24: Plan of the existing and the new JLE tunnels near to the Elizabeth House, Waterloo 
(Standing & Selman, 2001). 
 
Table 2.1: Field measurements of settlement and strains of various existing tunnel linings close to 
Waterloo station due to the JLE running tunnels (Standing & Selman, 2001). 
Tunnel  
name 
Diameter 
(m) 
Clearance 
to JLE (m) 
Max. settlement 
(mm) 
Max. 
horizontal 
strain (µε)* 
Max. 
crown to 
axis strain 
(µε) 
Shell Cooling  3 8.2 11 -400 -600** 
Bakerloo Line 
NB station  
6.8 8.1 10 -240 small 
Bakerloo Line  
SB station  
6.8 9.8 8 No data No data 
Northern line  
NB running  
3.6 5.6 14 No data No data 
Northern line  
SB running  
3.6 5.5 12 -325 325 
Northern line 
NB Station  
6.7 5.9 12 No data No data 
Northern line 
SB Station  
6.7 5.8 10 125 No data 
*positive strain indicates expansion 
**diametric strain 
 
Standing & Selman (2001) concluded that the magnitude of the settlement experienced by the 
existing tunnels was dependent on the proximity of the JLE tunnels. Judging from the shapes of 
the settlement troughs they claimed that the running tunnels showed a flexible response 
especially when compared with the station tunnels. In a transverse cross-sectional direction, the 
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existing tunnels just above the new tunnel deformed in an ‘egg’ shape mode (i.e. the horizontal 
diameter length reduced) and at small distance away from the intersection they ‘squatted’ (i.e. the 
horizontal diameter length increased). Longitudinally, compression was reported just above the 
intersection and tensile strains further away from it. Finally, the relative twist rotation 
(determined from precise levelling results from pairs of survey points) increased as the new tunnel 
excavation approached the intersection with the existing tunnels, but reduced to almost zero once 
it passed below and beyond them. 
Cooper et al. (2002) presented monitoring data of settlement, distortion and rotation of 
existing Piccadilly Line tunnels during the construction and in the long term of the Heathrow 
Express tunnels at the Heathrow Central Terminal Area (CTA). The Piccadilly line tunnels have a 
3.81m internal diameter and were lined with unbolted concrete segments with specially designed 
longitudinal joints. The three new Heathrow platform tunnels had a 9m diameter and were 
constructed below the existing twin Piccadilly line tunnels with a clearance of 7m at a skew angle 
of 69° (see Figure 2.25). The Concourse tunnel was the first to be constructed with the SCL method 
by a ‘half-face’ excavation technique followed by the Upline and Downline tunnels which were 
constructed using a shield-driven tunnel technique with concentric pilot tunnels of 3.9m diameter. 
They were lined with bolted precast concrete segments. The change in construction was decided 
after a collapse occurred during construction of the Concourse tunnel was constructed. 
 
 
(a)       (b) 
Figure 2.25: (a) Plan and (b) cross-section of existing and new tunnels at the Heathrow Central 
Terminal Area (Cooper et al., 2002). 
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The settlements of the inner Piccadilly line tunnel, increased with the successive construction of 
the three new tunnels and in the long term (38 months after all tunnels construction). After the 
Concourse tunnel the maximum recorded settlement was 29mm. It increased to 32mm, 65mm 
and 80mm accumulated maximum settlement after the Upline and Downline tunnel construction 
and in the long term, respectively. The asymmetry of the troughs was attributed to the tunnel 
construction sequence. 
The rotation of the existing cross-section of the inner Piccadilly line tunnel, just above the 
Concourse tunnel, due to the Concourse tunnel construction is shown in Figure 2.26. The cross-
section rotated towards the South-West as the drift face approached from that direction while as 
it advanced below and moved towards the North-East it rotated towards the opposite direction 
leaving a small residual rotation. Longitudinal rotation profiles along the inner Piccadilly line 
tunnel drawn for different construction stages, presented in Figure 2.27, revealed that the residual 
rotation is asymmetrical around the new tunnels alignment, a fact attributed to the skew angle . 
 
 
Figure 2.26: Development of rotation of the existing inner Piccadilly line tunnel due to the 
Concourse tunnel construction just above the Concourse tunnel (Cooper et al., 2002). 
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Figure 2.27: Development of longitudinal rotation of the existing inner Piccadilly line tunnel due to 
the Concourse tunnel construction (Cooper et al., 2002). 
 
The distortion of the existing Piccadilly line tunnels was performed by measuring the span 
changes of various diameters and chords with a tape extensometer as shown in Figure 2.28.  
 
 
Figure 2.28: Various diameters and chords of a monitoring array to measure the distortion of the 
existing Piccadilly line tunnels (Cooper et al., 2002). 
 
The existing tunnel linings deformed with the advancement of the new tunnel construction. The 
diameter of greatest elongation rotated depending on the relative position of the excavation face 
as explained in Figure 2.29. The measurements revealed that lines C and F (see Figure 2.28) 
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attracted the most distortion after the passage of each of the three new tunnels. The maximum 
elongation measured was 7.2mm at line C and the maximum contraction was 5.4mm at line F after 
the construction of the Downline tunnel. It was, generally, noted that the maximum distortion was 
not monitored at the same position that the maximum settlement occurred. 
 
 
Figure 2.29: Diagrammatic distorted shape of existing tunnel due to the approach and passage of 
a new tunnel below it (Cooper et al., 2002). 
 
Cooper (2001) described several cases of a tunnel’s reaction due to a new tunnel excavation 
below it. The response of the Piccadilly line running tunnels at Terminal 4 due to the construction 
of the Heathrow Express vent tunnels 5.4-12m below it at a skew angle of 45° and of the mainline 
railway tunnels during the enlargement of the Northern line tunnels near Old Street Station, which 
run parallel to it with a clearance of 5m, were monitored. The field measurements consisting of 
settlements, rotations and distortions of various chords can be found in Cooper (2001). The field 
measurements of these case studies did not reveal any additional modes of deformation 
compared to the ones described above. However, it should be noted that for the Old Street case, 
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the movement of the existing mainline railway occurred over a longer length than the 80m of the 
Northern line tunnels that were enlarged.  
 
2.6.2 Numerical analysis 
As noted above, two main categories of tunnel interaction with existing tunnels exist (based on 
their relative position); in the first one, the tunnels axes are parallel while in the second they are 
not. This fact plays an important role when a tunnel-tunnel interaction problem is to be analysed 
numerically. In the first case the problem can be investigated with a plane-strain 2D analysis 
whereas for the second case a more complex 3D analysis is necessary. Numerical analyses 
simulating both situations are reviewed below. 
Addenbrooke (1996) investigated different relative positions of tunnels with parallel axis 
focusing on the influence of the spacing of the two tunnels, the rest period between their 
construction and the construction sequence. The geometries and the stratigraphy examined are 
summarized in Figure 2.30. The London clay and Thames gravel were modelled as non-linear 
elastic perfectly plastic materials while the sand stratum was modelled as linear elastic. Coupled 
consolidation analyses were employed while the volume loss control excavation procedure was 
adopted (see Section 2.4.1), assuming the same workmanship for the two tunnels.  
 
 
Figure 2.30: The relative geometry of the two tunnels analysed in plane-strain by Addenbrooke 
(1996). 
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For the side by side geometry, it was concluded that if the pillar width is more than 7 tunnel 
diameters then the excavation of the second tunnel was not affected by the presence of the first 
one (this was verified for different non-linear elastic pre-yield models). On the contrary, for pillar 
widths smaller than 7 tunnel diameters, there was an interaction of the two tunnel excavations. 
The volume loss for the second tunnel was greater than for the first one. The ground settlement 
trough only due to the second tunnel excavation was not centred above its vertical axis but it 
moved towards the first tunnel; the closer the tunnels were the larger the eccentricity of the 
surface settlement trough was (Figure 2.31). In this figure the eccentricity was defined as the 
displacement of the position of the maximum settlement due to the excavation of the second 
tunnel from the tunnel centreline (express as a multiple of the pillar width). The surface 
settlement magnitude depended on the rest time; for rest periods more than 7 months the 
settlement trough became wider and flatter while for less than 7 months it did not change 
significantly. For pillar widths lower than 7 diameters it was noted that the first excavated tunnel 
‘squatted’ due to the construction of the second one. The second tunnel lining was generally 
stressed less than the first tunnel lining. An increased rest time masked the effect of the second 
tunnel on the first tunnel lining while the opposite was noted for the effect of the first tunnel on 
the second tunnel lining. 
 
 
Figure 2.31: The eccentricity of the settlement trough of the second constructed tunnel 
(Addenbrooke, 1996). 
 
Concerning the piggy back geometry, 4 tunnel diameters was found to be the critical pillar 
depth. For pillar depths less than that, the results showed that the closer the spacing, the greater 
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the volume loss due to the construction of the second tunnel and the volume loss became even 
larger if the second tunnel was located above the first. When the second tunnel was above the 
first one, the ground surface settlement trough due to the second tunnel became wider and more 
flat bottomed as the pillar depth decreased. The opposite was noted when the second tunnel was 
located below the first one. The increase of the rest time made the surface settlement trough of 
the second tunnel less flat-bottomed. The distorted shape of the first tunnel due to the 
construction of the second was ‘egging’ (i.e. increase of the vertical diameter and decrease of the 
horizontal one) no matter whether the second was excavated below or above the first. The 
influence of the second tunnel on the internal stresses of the first tunnel lining was more 
pronounced when the second tunnel was located below the first one with that influence being 
more pronounced with a decrease in the rest time. 
Yamaguchi et al. (1998) performed a series of 2D linear elastic finite element analyses to 
examine the earth pressures on an existing tunnel due to the passage of a new one which was 
positioned either in a vertical (below) or a horizontal alignment with it. They compared the finite 
element predictions with monitored results during the construction of four extremely close 
parallel shield tunnels in Kyoto city, Japan. When the new tunnel was positioned in a vertical 
alignment with the existing one, the vertical earth pressure on the existing tunnel decreased and 
the earth pressure on the lateral sides increased. When the two tunnels were positioned in a side-
by-side geometry, the ground pressure on the existing tunnel increased in all directions with the 
increase being larger in the side of the tunnel. 
Ng et al. (2004) investigated the interaction of two side-by-side tunnels constructed with the 
NATM method using a 3D step-by-step approach. The two tunnels were located 20m below 
ground level and the surrounding medium was London clay modelled with anisotropic elastic 
perfectly plastic material properties. The two tunnels had a cross-section as shown in Figure 2.32a 
while their pillar width was 8.64m. Coupled consolidation analysis was performed with an 
excavation rate of 2.5m per day for both the tunnels. The construction sequence for both tunnels 
is summarised in Figure 2.32b. LD was the unsupported length (before constructing the lining) 
which was 5m while Lt was the lagging distance between the leading (left) and the lagging (right) 
tunnels which varied in the analyses performed. 
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(a)         (b) 
Figure 2.32: a) Cross-section of each tunnel modelled in the 3D analysis and the Type 2 excavation 
sequence and b) Plan view of the excavation sequence for both tunnels (Ng et al., 2004). 
 
Ng et al. (2004) found that the surface settlement trough shifted from above the leading tunnel 
towards the lagging one at various distances behind the tunnel excavation faces if Lt is not zero (in 
that case the settlement trough was centred around the centreline between the two tunnels). The 
offset, from the centreline between the two tunnels, of the ‘steady-state’ settlement trough 
increased with Lt and approached a constant value of 32%D for Lt greater than 2.5D (where 
D=8.64m was the equivalent diameter of the tunnel). The maximum ‘steady-state’ settlement 
trough was found to be unaffected by the lagging distance. The authors also showed that the 
offset of the surface settlement trough was an indication of the amount of load transfer 
associated with the two tunnels. The smaller the lagging distance (Lt) was the more uniform the 
loads were shared between the two tunnels. The lagging distance (Lt) affected the magnitude of 
the bending moment distribution of the two tunnels. The larger the lagging distance (Lt) the more 
bending moment was attracted by the leading tunnel. The same was noted for the axial forces at 
the axis of the leading tunnel closer to the lagging one. The increase of the lagging distance (Lt) 
affected mainly the horizontal displacements of the tunnels rather than the vertical ones. 
Liu et al. (2008) investigated the effects of tunnelling on existing support systems of an adjacent 
tunnel which was located 15m below ground level using horizontal, vertical or staggered parallel 
alignment in the Sydney region (see Figure 2.33). A ‘polycentric’ tunnel geometry was adopted for 
both tunnels. The surrounding soil was a rock simulated with a linear elastic perfectly plastic 
(Mohr-Coulomb failure criterion) while the shotcrete lining and the rock bolts were assumed to 
behave linear elastic perfectly plastic (Von-Mises failure criterion with a yield stress of 20MPa and 
400MPa, respectively). The step-by-step approach was adopted for the excavation of both tunnels 
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with an unsupported length of 4m. The shotcrete and rock bolts elements were activated 4m and 
8m behind the tunnel face, respectively.  
 
 
Figure 2.33: Relative geometry of the two tunnels analysed by Liu et al. 2007. 
 
Liu et al. (2008) concluded that the shotcrete lining of the existing tunnel was significantly 
affected when the new tunnel face passed the monitoring section of the existing tunnel and was 
less affected as it was moving further away. For the relative geometries of the two tunnels that 
they analysed, they compared the stresses on the existing tunnel lining. Their results indicated 
that the adverse effect on the existing shotcrete tunnel lining decreased in the sequence of 
geometries described in Figure 2.33 d, c, a and b. These results were contradictory with the ones 
presented by Yamaguchi et al. (1998) a fact that was attributed to the high horizontal stress in the 
Sydney region by the authors. 
Liu et al. (2009) investigated the effect of perpendicular crossing tunnels in the Sydney region. 
The tunnels had a clearance of 3.5m while the geometry of the tunnel linings, the excavation 
procedure, the tunnel support system and the surrounding soil adopted were the same as in Liu et 
al. (2008) work. They investigated the circumferential bending moments in the existing shotcrete 
lining and they observed that it was affected first in the leading side, then at the invert and the 
crown and finally at the far side as the new excavation approached. The interaction effect was 
restricted close to the crossing area of the two tunnels. Additionally they noticed that the 
circumferential bending moments of the existing shotcrete lining were more intensively affected 
during the new tunnel excavation rather than after the completion of the new tunnel excavation. 
This implied that during the excavation of the new tunnel the existing tunnel was most probable to 
fail (locally) and as such special attention should be paid. They also performed an analysis with the 
existing tunnel being located deeper than the newly excavated one and concluded that the 
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interaction mechanisms in this case were different from those obtained when the new tunnel was 
driven below the existing one. 
 
2.7 Summary 
In this chapter some milestones of the tunnelling research in soft soil were presented and 
discussed. The objective of the chapter was to help the reader become familiar with tunnelling 
procedures, the methods of predicting the effect of a tunnel excavation on the soil, the modelling 
of tunnel excavation using a finite element program and the interaction of a tunnel-tunnel system. 
Effort was concentrated on enhancing the presentation of earlier researchers’ work with available 
field measurements. 
The empirical framework for predicting ground surface and subsurface soil displacements due 
to tunnelling was presented first. It was shown that the availability of new and more accurate field 
monitoring data leads the existing empirical solutions to change in order to incorporate them. As 
such, the empirical framework evolves and becomes a more useful and accurate tool for 
designers. 
Modelling a tunnel construction in 2D plane-strain numerical analysis is a common procedure 
which has been adopted by many researchers. The research revealed the importance of 
incorporating small strain soil behaviour, soil anisotropy, soil structure, initial elastic soil stiffness 
and initial stress regime into the predictions of short-term soil response due to tunnelling. 
Improvements in the comparison of numerical predictions with measured field data have been 
made when some of these aspects of soil were taken into account but still the comparison was 
poor especially for tunnels excavated in stiff highly overconsolidated clays. A good comparison 
was only achieved if non-realistic model soil parameters were adopted or when the model 
parameters used in the analyses were not consistent with the initial stress state prior to the tunnel 
excavation. The numerical predictions of soil displacements due to tunnelling in the long term are 
mainly affected by the pore water pressure distribution prior to the tunnel construction, the 
permeability of the soil, the permeability of the lining and most importantly their ratio. As such 
any numerical investigation should pay particular attention into these properties. 
The use of three-dimensional numerical analysis has been increasingly used over the past few 
years. Despite the fact that  tunnel excavation is a 3D process, 3D analyses was shown to have 
certain limitations. 3D analysis is particular demanding in terms of time and computational 
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resources. The numerical predictions of soil displacements were also shown to be affected by the 
mesh boundaries. Additionally, 3D analysis was not shown to improve predictions of soil 
displacements in stiff overconsolidated clays when compared with respective 2D analysis 
predictions. However with the various techniques proposed, different aspects of a tunnelling 
procedure can be modelled, such as the face pressure of an EPB machine. Additionally the 
interaction of a tunnel excavation with other structures can be simulated with 3D analysis. It was 
clear from the available literature that the user of a finite element program should be aware of all 
the above limitations and try to minimize their effect according to the purpose of the analysis. 
Finally in the last part of this chapter it was shown that a tunnel excavated in the close vicinity 
of an existing tunnel is a relative new but often met situation. Field measurements exist and 
provide a valuable database against which numerical simulations should be checked. Tunnels with 
parallel axes have been investigated in depth numerically as it can be modelled in 2D. However 
tunnels with non-parallel axes at different depths require a 3D simulation. Numerical 
investigations of such a situation are rare and as such more research on that topic is required. 
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CHAPTER 3           
CONDITIONS AT THE HYDE PARK SITE PRIOR TO CROSSRAIL 
EXCAVATION 
 
 
This chapter reviews the numerical analysis of a particular site under central London which was 
influenced by tunnel construction more than a century ago. The site is located at the edge of Hyde 
Park under Bayswater road where the twin Central line tunnels are aligned. The numerical analysis 
simulates the construction of the tunnels at the end of the 19th century and also models the period 
between then and present. Information about the geometry, the stratigraphy and the steps of the 
analysis are described. The soil and lining constitutive models used and the applied boundary 
conditions are then presented. Numerical results follow focusing on the surface movements, lining 
loads, stresses acting on the tunnels and finally the linings’ deformed shapes. The effect of the 
lining permeability on the above mentioned results is discussed in depth. A ‘structural’ model is 
then created in order to investigate how the in-situ stresses acting on a lining can be simulated in 
a structural laboratory set-up. The chapter ends by summarising the main conclusions that will 
form the basis for the modelling of the excavation of the new Crossrail tunnels in the vicinity of 
these existing Central line tunnels. In all the analyses performed the finite element code ICFEP 
(Imperial College Finite Element Program) was used. 
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3.1 Introduction 
As discussed earlier, in the literature review, many studies exist referring to the ‘greenfield’ 
response due to tunnelling both in the short and the long term. Previous researchers have 
predicted what soil movements would occur due to a twin tunnel excavation (for instance 
Addenbroke, 1996 and Grammatikopoulou, 2004). The importance of the soil model used in the 
predictions was also investigated. Moreover, research revealed the importance of the lining 
permeability on the long-term soil movements (Shin, 2000 and Laver, 2010). The scope of the 
current research project is to investigate from a numerical perspective the interaction of existing 
tunnels with new tunnels excavated in their vicinity. This will be done by investigating the 
intersection of the new Crossrail project with existing London Underground tunnels. The interface 
of interest (which has been heavily monitored) is the intersection of Crossrail with the existing 
Central line tunnels under the Bayswater Road at the edge of Hyde Park, where the two 
alignments cross at a skew angle of 40°. At the crossing, the existing London Underground tunnel 
axis alignment is at 22-23m below ground level while the new Crossrail tunnel axis alignment is at 
34m below ground level resulting in a clearance between Crossrail tunnel crowns and Central line 
tunnel inverts ranging between 4.0 to 5.0m. The general layout of the site is shown in Figure 3.1 
(see also Chapters 5 and 6 for more detailed information).  
 
 
Figure 3.1: Layout of the site of interest (picture from google-maps). 
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The objective in this chapter is to simulate, as accurately as possible, the situation at the site 
before the construction of the Crossrail tunnels, since this depends on the disturbance caused by 
the Central line tunnels’ construction (more than a century ago). This is necessary because the site 
conditions are not ‘greenfield’ anymore, due to the construction of the Central line tunnels, and 
the following consolidation process. A series of analyses has been performed and their results are 
presented herein and commented upon in order to identify the important parameters that affect 
the site condition prior to Crossrail tunnels construction. In addition to the soil behaviour, effort is 
also given in investigating the Central line tunnel linings performance since their construction. The 
short and long-term internal forces in the linings, the deformation modes of the two tunnels and 
the applied soil stresses on them are investigated. The effects of the lining permeability and the 
construction sequence on the linings’ performance are studied thoroughly. Finally, a simple 
structural model is created in order to investigate the way that a lining deformation can be 
modelled in an experimental set-up and under which conditions it could result in satisfactory 
predictions. 
 
3.2 Description of the numerical model 
3.2.1 General site information 
According to the geotechnical interpretative report (Cross London rail links LTD Crossrail line 1, 
2009) of section S of the Crossrail alignment (the general area of Hyde Park is included in section 
S) 30 boreholes and trial pits were conducted to define the stratigraphy. Table 3.1 summarizes the 
soil layers and their maximum and minimum thicknesses for this section.  
 
Table 3.1: Soil layers and relative thickness in section S of Crossrail alignment 
Soil layers encountered 
in section S 
Thickness 
(m) 
Superficial deposits 0.1-4.4 
River Terrace deposits 0.2-6.4 
London clay unit B 5.9-28.0 
London clay unit A3 11.9-14.2 
London clay unit A2 11.0-12.6 
Lambeth group 13.4-15.4 
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Because of the fact that at the time that this series of analyses was performed (preliminary 
stage of the research) detailed site investigation of the particular site was not available the 
stratigraphy adopted was borrowed from another section of the alignment (section X3), for which 
finite element analyses have already been performed for the assessment of long-term settlement 
(Design consultant framework contract C122, 2010) and consequently soil properties were 
available. The stratigraphy adopted is shown in Figure 3.2. As will be shown later in (Chapter 5) the 
adopted stratigraphy does not differ significantly from the one determined from the site 
investigation and adopted for the analyses in Chapters 5 and 6.  
 
 
Figure 3.2: Soil profile and general geometry adopted for the analyses of the Central line tunnels at 
the Hyde Park site. 
 
The above shown stratigraphy includes three units of London clay, named B2, A3 and A2. As is 
well known, the sub-layer B2 overlies sub-layers A3 and A2 and they have thicknesses of 33m, 12m 
and 12m, respectively. Above the London clay, 3m of Superficial deposits can be found while 
below it the Upper and Lower Lambeth Group are present with a thickness of 6m each. Despite 
the fact that this is not the exact soil stratigraphy at the site, the depth of each layer is consistent 
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with those shown in Table 3.1 and with the ones revealed by the borehole logs of this site (see 
Chapter 5 and 6).  
As shown in Figure 3.2, the axes of the twin Central line tunnels are located 22.4m below 
ground level while the pillar width between the tunnels is 11.3m. The construction of the Central 
line started in mid-1896 and its first operating length was opened for public use in 1900. The 
Central line was excavated using hand or mechanical excavation within a shield and the erection of 
a lining ring took only 20 minutes according to Dalrymple-Hay & Jenkins (1900). Cooperthwaite 
(1906) describes in detail the exact geometry of each ring of the Central line tunnels. According to 
him, bolted grey cast iron rings were used having an external diameter of 3.81m and an internal 
one of 3.56m. Each tunnel ring consists of 6 segments and a key. The width of each ring is 0.508m 
with the two top segments being marginally shorter than the other four. Figure 3.3 shows the 
details of the circumferential and longitudinal joints of the linings; the thickness of the web 
(generally adopted for tunnels in London clay) is 2.2225cm while the thickness of the flange varies 
from 2.8575cm at the intrados to 3.175cm at the connection with the web. The depth of the 
flange is 12.3825cm.  
 
 
(a)    (b) 
Figure 3.3: (a) Horizontal and (b) circumferantial joints of the Central line tunnels (after 
Cooperthwaite, 1906). 
 
3.2.2 Different analyses performed and analysis sequence 
Eight different analyses are presented in this chapter. Since the important aspects to be 
explored are not only related to the short but also to the long-term behaviour of both the soil and 
the Central line tunnel linings (since their construction at the end of 19th century) the lining and 
soil permeability varied between the different analyses. Two sets of coupled consolidation 
analyses were performed each one using a different soil permeability model. The first set used an 
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anisotropic soil permeability model with different vertical and horizontal profiles of permeability 
while the other set used an isotropic variable soil permeability profile where the permeability 
varied with the mean effective stress, p’ (see Section 3.2.6). In each one of these sets the tunnel 
linings were considered to be either permeable or impermeable or assumed to have a finite 
permeability of 10% or 50% of the soil’s permeability adjacent to the tunnels’ axes (see Section 
3.2.7). 
At the beginning of each analysis the beam elements representing the linings of the two 
tunnels were removed from the mesh so as not to affect the excavation process. The procedure 
followed afterwards, was to excavate and construct the left tunnel (first) to a volume loss (vL) of 
1.5% (see Section 3.2.7 for details of the excavation and construction procedure used for the two 
tunnels). As no information is available for the volume loss due to the construction of the Central 
line tunnels, vL=1.5% was assumed as it is considered to be a representative value for tunnelling in 
London clay with an open face TBM. The construction of the first tunnel was followed by a rest 
period of 6 months (some analyses were repeated with a rest period of 20 days but since the 
results in the long term did not differ, they are not presented herein and the rest period is not 
considered as an influencing factor). Then, the right tunnel (second) was excavated and 
constructed assuming the same workmanship, which in terms of numerical analysis means that 
the excavation was completed in exactly the same number of increments and the construction of 
the tunnel lining was done at the same unloading increment as for the first tunnel (see Section 
3.2.7 for more details). The excavation process for each tunnel was completed in less than an hour 
which implies that this was a, practically, undrained procedure. Finally, each analysis finished with 
a consolidation period of more than 100 years. This time period does not represent the exact time 
between the construction of the tunnels and today. However, it was shown to be long enough for 
dissipation of the excess pore water pressures, due to the tunnels’ construction. The analysis 
stages and the respective increment numbers are summarized in Table 3.2. 
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Table 3.2: Finite element analysis stages 
Analysis stages 
Increment numbers  
(20days // 6months rest period) 
Deactivation of the beam elements 0 
Excavation of left tunnel 1-30 
Construction of the left tunnel 
lining 
17 
Rest period 31-40 // 31-50 
Excavation of right tunnel 41-70 // 51-80 
Construction of the right tunnel 
lining 
57 // 67 
Consolidation period of over
100years 
71-120 // 81-130 
 
Additionally, some supplementary analyses were performed with the same analysis sequence 
as above, where the shear stresses acting on the tunnels were isolated. The only difference for 
these analyses was the fact that around the tunnel lining special interface elements were placed 
(see Section 3.5 for details). Only the analyses with the tunnel linings assumed to be either 
permeable or impermeable and with the anisotropic soil permeability model were repeated with 
the interface elements. Finally a ‘structural’ model is created where only the lining is simulated 
and the loading on it is applied along its entire perimeter or only at the position of the pads used 
in the laboratory experiments (see Section 3.6 for details). This last set of analysis reveals any 
discrepancies between the full soil-structure interaction problem and the loading conditions 
applicable to experimental work. 
 
3.2.3 Spatial discretization and analysis details 
Figure 3.4 illustrates the finite element mesh used for the analysis of the Central line tunnels at 
Hyde Park which consists of 1092 eight-noded quadrilateral isoparametric solid elements (for 
modelling the soil) and 80 three-noded beam elements (for modelling the linings). 28 of these 
beam elements are used to model the joints between the segments. The width of the mesh is 
131m and the total depth is 72m. The dimensions were carefully chosen so that the settlement 
troughs due to the excavation of the tunnels would not be affected by the boundaries of the mesh 
(i.e. the width of the mesh is greater than the sum of 6ix plus the pillar width of the two tunnels). 
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Figure 3.4: Finite element mesh used for the Central line tunnels Hyde Park site analysis. 
 
The analyses performed involved coupled consolidation analysis which means that some of the 
solid elements can consolidate. Consequently all the solid elements have 16 degrees of freedom, 
two for each component of displacement (vertical and horizontal) at each of their eight nodes and 
the consolidating elements (elements that model the London clay and the Upper Lambeth group) 
have four additional pore water pressure degrees of freedom at their corner nodes. The beam 
elements have three degrees of freedom at each of their three nodes: vertical and horizontal 
displacement and rotation. All the analyses were plane strain and 2*2 integration was used. A 
modified Newton-Raphson technique was used as the non-linear solver (Potts & Zdravković, 
1999). 
 
3.2.4 Soil constitutive models 
The modelling of the soil behaviour is one of the most important aspects of numerical analysis 
and usually the predicted results depend mainly on the soil constitutive models used. Figure 3.5 
presents typical stiffness degradation curves with strain for stiff clays and typical strain ranges for 
geotechnical structures. It can be seen that for tunnels the working strains appear over the highest 
range of the stiffness non-linearity implying that small strain non-linearity has a great impact in 
the predicted movements associated with tunnelling. The highly non-linear, at small strains, 
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behaviour of London clay is well known and has been studied thoroughly (Jardine et al., 1984, 
Atkinson et al., 1990, Clayton & Heymann, 2001, Gasparre et al., 2007b).  
 
 
Figure 3.5: Typical stiffness-strain behaviour of stiff clay with typical strain ranges for geotechnical 
structures (after Atkinson & Sällfors, 1991). 
 
The analyses presented in this Chapter used a combination of a pre-yield non-linear elasticity 
model (J4) coupled with a non-associated Mohr-Coulomb plasticity model for all the materials 
apart from the Superficial deposits which are modelled as linearly elastic with a non-associated 
Mohr-Coulomb plasticity model. The non-linear elastic model used was proposed by Jardine et al. 
(1986) and it is based on trigonometric expressions. It has been used in previous numerical 
research work using ICFEP (Addenbrooke, 1996, Schroeder, 2003, Schütz, 2010). A brief 
description of these models and tables with all the parameters adopted can be found in Appendix 
A. The values of the parameters have been obtained by the Design consultant framework contract 
C122, 2010 where long-term assessment of settlement was performed by GCG. 
 
3.2.5 Tunnel lining constitutive model 
In all the analyses presented, herein, the linings of the two tunnels are modelled using shell 
elements (in 2D analysis they are usually referred as beam elements (Day, 1990; Day & Potts, 
1990). The modelling of the segmental nature of the Central line tunnels was achieved with the 
use of two different constitutive models; the first one represents the segments’ behaviour while 
the second represents the joints in between the segments. As shown in Figure 3.6 (which is a 
zoom from the mesh used) small shell elements between the shell elements representing the 
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segments of the lining are used to model the connection of the segments (a method proposed, 
originally, by Potts & Zdravković, 2001). 
 
 
Figure 3.6: Modelling lining segments and their connection (a zoom of the left tunnel from the 
original mesh).  
 
The segments were modelled using a linear elastic model and the parameters were calculated 
based on the dimensions given in Section 3.2.1 and on the material properties for grey cast iron 
according to LU Standard 1-055. In particular, the unit weight is γ=69.16kN/m3, the Young’s 
modulus is E=100GPa, the Poisson’s ratio is ν=0.26, the cross-sectional area per unit width is 
A=0.033475m2/m and the second moment of area per unit width is I=3.98254*10-5 m4/m while a 
shear correction factor k of 0.8 is used. 
Concerning the elements that represent the joints between the segments, a non-linear model is 
used. The constitutive behaviour of the model is outlined in Figure 3.7 and its major advantage is 
that it can simulate rotation at the joints which makes a more realistic distribution of bending 
moments possible in cases of significant distortion. The model requires the speciﬁcation of the 
position of the neutral axis with respect to the tunnel intrados (yi) and extrados (ye) (see Figure 
3.7a), the maximum allowable compressive strength of the grey cast iron segments, which is 
σf=600MPa and an angle of friction between the two lining segments of δ=20°. 
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Figure 3.7: Modelling of the linings’ joints (after Potts & Zdravković, 2001). 
 
The yi and ye are calculated by the program automatically from the input of the geometric 
dimensions of the out-of-plane geometry of the segments (for the actual dimensions of the out of 
plane geometry see Section 3.2.1). The bending moment, M, and the circumferential force, N at 
the neutral axis of the joint may be expressed in the form of a circumferential force acting at an 
eccentricity, e, from the neutral axis , such that M=Ne (Figure 3.7b). Therefore as the lining is 
distorted, the bending moment at the joint increases and the position of the resultant normal 
force translates across the joint (Figure 3.7c). Two limiting moments Me and Mi are set by the 
model, above and below which the joint can rotate and open at the extrados and intrados 
respectively which are calculated as: 
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Eq. 3.2 
 
Furthermore, the model is formulated such that the joint will open if the circumferential force, 
N, is tensile and if N is more compressive than the maximum allowable compressive strength 
failure will occur due to crushing. Finally, it should be noted that the influence of any bolts at the 
joints is not taken into account by this model and the influence due to rolled rings (a 3D geometric 
feature) is also ignored. 
 
3.2.6 Initial conditions 
Before simulating the excavation of the two tunnels and the subsequent 100years consolidation 
period, the initial conditions of the site must be defined for the analysis. According to the 
Geotechnical Sectional Interpretative Report 1&2: Royal Oak to Liverpool Street at section S of the 
Crossrail alignment the pore water profile is underdrained and the assumption made for it can be 
seen in Figure 3.8. The vertical effective stresses are calculated based on the unit weights shown 
on Figure 3.2 and this pore water pressure profile while for the horizontal effective stresses the 
coefficient of earth pressure at rest (K0) profile used is shown in Figure 3.8. 
An important issue that was carefully taken into account was the permeability profile to be 
used in the analyses. Two sets of analysis were undertaken (as mentioned in Section 3.2.2) based 
on the permeability profile used; the first one assumed an anisotropic permeability model (with 
the horizontal permeability being 2-4 times greater than the vertical for the London clay) and the 
second used a permeability model in which the permeability varied with mean effective stress (p’). 
This latter model links the isotropic permeability (k) at each point of the mesh with the mean 
effective stress (p’) according to a non-linear relationship proposed by Vaughan (1989): 
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Eq. 3.3 
where k0 is the initial permeability and b is a constant that has dimensions of m
2/kN.  
 
 
(a)         (b) 
Figure 3.8: (a) The initial pore water pressure profile (b) the K0 profile. 
 
Permeability properties are only applied to the consolidating layers (London clay and Upper 
Lambeth group) and due to the fact that an underdrained pore water pressure profile was 
adopted the permeability profiles must give reducing permeability magnitudes with depth. The 
permeability profile was checked to make sure it was compatible with the initial pore water 
pressure profile. The anisotrotropic permeability profile and the initial profile with depth for the 
variable permeability model are shown in Figure 3.9; both of them are compatible with the initial 
underdrained pore water pressures. Table 3.3 summarizes the parameters b and k0 used for each 
layer. In order to achieve the compatibility of permeability profile with the underdrained pore 
water pressure profile, the B2 unit of the London clay layer was subdivided into three parts named 
A, B and C with thicknesses 14.4m, 6.4m and 12.2m respectively. 
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Figure 3.9: The permebality profiles for the different permeability models used. 
 
Table 3.3: Parameters used for the variable permeability model for each layer. 
parameter  
Soil layer 
b(m2/kN) k0(m/sec) 
London Clay B2-A 0.0052 2.58E-09 
London Clay B2-B 0.0091 6.53E-09 
London Clay B2-C 0.0043 1.42E-09 
London Clay A3 0.0049 1.87E-09 
London Clay A2 0.0011 2.07E-10 
Upper Lambeth Group 0.0000 3.50E-11 
 
3.2.7 Boundary conditions 
An integral part of fully defining a boundary value problem in finite elements is to prescribe the 
boundary conditions. In all the analyses that were performed the bottom of the mesh was fixed by 
prescribing zero displacements horizontally and vertically while the vertical boundaries were 
allowed to move in the vertical direction only. Concerning the tunnels themselves excavation and 
construction boundary conditions were applied. Initially at increment zero the beam elements 
were deactivated, a procedure which allows no forces to be applied to the mesh. The excavation 
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of the solid elements inside the boundaries of the tunnels was, then, performed over 30 
increments. During these increments the equivalent nodal forces at the tunnel boundary (due to 
the excavated soil) were linearly apportioned and applied in the opposite direction as shown in 
Figure 3.10.  
 
 
Figure 3.10: Modelling of tunnel excavation (Potts & Zdravković, 2001) 
 
The construction of both the beam elements that represent the segments of the lining and the 
joints between them was performed using the construction boundary condition and it was 
performed over a single increment (during the excavation procedure). At the end of that 
increment the lining had its self-weight and its full stiffness. Consequently during the remaining 
excavation process stresses on the linings were introduced and the lining deformed accordingly. 
As the analyses involved coupled consolidation, the elements that model the London clay and 
the Upper Lambeth group were consolidating and as such they had pore pressure degrees of 
freedom. This implies that at the boundaries of these layers with the rest of the mesh and at the 
vertical boundaries of the mesh, hydraulic boundary conditions must be applied. For the elements 
of the Superficial deposits and the Lambeth Group LMB a no change of pore water pressure 
boundary condition was applied throughout each analysis with the consequence that the interface 
of the consolidating and non-consolidating materials was free to drain. A no change of pore water 
pressure boundary condition was also applied at the vertical boundaries of the mesh as they were 
considered to be sufficiently far away from the tunnels such that their pore water pressures 
remained unaffected by the excavation process and subsequent consolidation. 
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The tunnel boundary itself poses more of a problem. During the excavation it can be considered 
as a no flow boundary as the excavation takes place in the low permeability, London clay. 
However, it is generally acknowledged, as discussed in Chapter 2, that the permeability of the 
lining is not known during the consolidation process, and it can be either fully permeable or 
impermeable or permeable but with a finite permeability. Consequently four different scenarios of 
lining permeability were considered for the analyses. In the first one, the lining was considered 
impermeable and as such a no flow boundary was applied at its perimeter by prescribing the flow 
rate at the boundary to be zero. In the second, where the lining was considered fully permeable, 
the precipitation boundary condition was applied. This is a special dual hydraulic boundary 
condition (available in ICFEP) which monitors the pore water pressures at the boundary nodes. If 
at any point during the analysis the soil pore water pressures become more tensile than a specific 
value then the boundary is prescribed as no flow (flow rate at the boundary set to zero) while if it 
is more compressive than this value then the boundary pressure is prescribed and free flow is 
permitted. In the analysis performed the limit value of pore water pressures was set to zero and 
consequently the possibility of flow of water from the tunnel into the soil (which is, obviously, 
unrealistic) was prevented in cases where the excavation of the soil results in tensile pore water 
pressures (suction around the tunnel). Otherwise, if the pore water pressures at the boundary are 
compressive, the boundary pressure was set to zero allowing water flow into the tunnel. In the 
remaining scenarios, the permeability of the lining was prescribed. The infiltration of water in the 
case of bolted segmental cast iron linings is mainly through the joints, bolted holes and any kind of 
imperfections or cracks (UMTA, 1986) and it is not something that can be measured or defined. 
However this implies that such a tunnel is neither behaving as fully drained nor as impermeable 
and as such the rate of flow into the tunnel depends on the relative permeability of the lining 
compared to the adjacent soil. Based on the work presented by Shin et al (2002), it was decided to 
investigate two ratios of lining permeability (kl) over soil permeability (ks), kl/ks=10% and 
kl/ks=50%. This was achieved by prescribing the permeability of a row of solid elements adjacent 
to the lining to the required value.  
In Figure 3.11 the configuration of the elements is shown. On the internal boundary (adjacent 
to the beam elements) of the solid elements the precipitation boundary was again used but 
because of the fact that this element had a lower value of permeability compared to the 
neighbouring soil, the flow of water towards the tunnel occurred at a lower rate compared to the 
fully permeable case. The soil permeability chosen to calculate the lining permeability was the 
initial permeability at the tunnel axis. 
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Figure 3.11: Modelling the lining with finite permeability (after Shin et al., 2002). 
 
3.3 Soil response due to tunnelling 
In this section the surface movements due to tunnelling both for the short and the long-term 
are presented. In the following figures the movements from all the above mentioned analyses are 
presented (see Section 3.2.2); black and grey colours refer to analyses using the anisotropic and 
the variable permeability soil models, respectively, while dashed, dash-dash dotted, dash dotted 
and solid line types refer to the linings permeability starting from impermeable and moving 
gradually to fully permeable linings.  
Figure 3.12 presents the surface settlement troughs after the first (left) tunnel excavation. As 
expected, due to the fact that the whole excavation-construction procedure was, essentially, 
undrained (i.e. it took place in less than one hour), the site was ‘greenfield’ prior to the first tunnel 
construction and for all the analyses the excavation was performed to the same predefined 
volume loss of vL=1.5%, the differences among the different scenarios analysed are negligible. The 
troughs are centred around the vertical axis of the excavated tunnel. 
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Figure 3.12: Surface settlements after the first tunnel construction. 
 
Figure 3.13 presents the surface troughs only due to the second (right) tunnel excavation. The 
volume loss for all the cases analysed varies between 2.05% and 2.29% as the tunnel is now 
excavated assuming the same workmanship as the first one (i.e. constructed at the same 
increment of the excavation procedure). The fact that the volume loss for the second tunnel is 
higher than that experienced by the first one, highlights that for this excavation the site is not 
‘greenfield’ anymore. In particular, the second tunnel excavation results in more surface 
settlement (almost twice as much as the first one) while the troughs are not centred around its 
vertical axis but in between the vertical axes of the two tunnels. The last observations can be 
attributed to stiffness degradation due to the first tunnel excavation. This made the soil in 
between the two tunnels softer than that to the right of the second one and as such the offset 
towards the first tunnel vertical axis of the settlement trough can be explained. The differences 
among the different analyses are not significant and they can be attributed to the slightly different 
volume losses that resulted from each analysis. This indicates that the different permeability soil 
models and the lining permeabilities do not, significantly, affect the soil movements due to the 
second tunnel excavation. 
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Figure 3.13: Surface settlements due only to second tunnel construction (note the difference in the 
y axis scale compared to the Figure 3.12). 
 
On the contrary, the differences in the surface response are more pronounced for the 
accumulated settlement after the second tunnel construction (i.e. settlement due to first, second 
tunnel excavations and the consolidation period in between the two) and they are plotted in 
Figure 3.14. The 6 month consolidation period between the constructions of the two tunnels has a 
significant influence on the magnitude of the surface settlements. It is observed that the more 
permeable the lining is, the more the ground surface settles while the soil permeability model 
only, seems to affect the troughs for higher lining permeability. Moreover the more permeable the 
lining is, the more the trough is centred along a vertical axis closer to the first tunnel indicating 
more soil movement towards it. 
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Figure 3.14: Accumulated surface settlements after second tunnel’s construction.  
 
Figure 3.15 presents the surface troughs in the long term, after 100 years from the construction 
of the second tunnel. The trough from each analysis remains the same for, at least, the last thirty 
years of each analysis, indicating that the consolidation process is complete and the surface 
movements have stabilised. The lining permeability and the soil permeability model used have a 
similar effect on the predictions as noted above for the construction of the second tunnel (see 
Figure 3.14); the more permeable the linings are the more the surface settles. The soil 
permeability model affects more the magnitude of the settlements for more permeable linings. 
For instance, when the linings are assumed permeable and the soil permeability is anisotropic, the 
maximum surface settlement is approximately 75% more than when the lining has 10% of the soil 
permeability. The higher horizontal permeability, when the anisotropic soil permeability model is 
used, does not necessarily result in a higher magnitude of surface settlement (once the linings 
have 50% of the soil’s permeability the variable permeability soil model gives more maximum 
surface settlement compared to the respective anisotropic soil permeability case) but they always 
result in wider troughs. The latter of the observations made from Figure 3.14 (eccentricity of the 
troughs) seems to disappear with time in Figure 3.15 implying that the consolidation process 
dominates over any effect of soil disturbance due to the first tunnel excavation and thus the 
troughs are symmetrical about the vertical axis midway between the two tunnels for all the 
scenarios analysed, herein. 
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Figure 3.15: Surface settlement at the end of the consolidation period (100 years after the two 
tunnel constructions). 
 
Furthermore, when the tunnels are modelled as impermeable the ground surface ends up 
slightly heaving. This can be explained by the pore water pressures throughout the analysis. In 
Figure 3.16 the final pore water pressure distribution along a line passing through the horizontal 
axis of the two tunnels is drawn for different linings’ permeability. The pore water pressures 
equilibrate to their original value, almost 190kPa, for the impermeable linings just next to the 
tunnels’ perimeter, while for the more permeable cases the pore water distribution equilibrates to 
the new hydraulic boundary conditions; with the pore water pressure varying from 0kPa next to 
the tunnels towards the initial 190kPa far away from them. The more permeable the lining is, the 
less abrupt the variation of the pore pressure is (along this line) and as such the more the surface 
settles. The fact that for the impermeable cases the surface heaves is believed to be quite 
unrealistic providing evidence that the grey cast iron linings act like drains in practice. 
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Figure 3.16: Pore water pressure along a line passing through the centre-line of the two tunnels (in 
their vicinity) after 100 years of consolidation (for the anisotropic permeability soil model). 
 
The above observations concerning the importance of the effect of the lining permeability are 
also verified by the long-term horizontal ground surface displacements as shown in Figure 3.17, 
where again larger displacements occur if the lining is completely permeable. 
 
 
Figure 3.17: Horizontal ground surface movements at the end of the consolidation period. 
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3.4 Central line lining response 
The two tunnel lining responses are presented and commented upon in the following four 
sections. These sections describe the hoop forces and the bending moments the linings 
experience, the deformed shapes and the stresses acting on them respectively. The hoop forces 
and the bending moments, for each scenario analysed and for each tunnel, are presented at four 
different time increments. They are compared depending on the lining permeability while four 
different locations on the linings are selected to have a closer look at the variation of their values 
with time. Concerning the linings’ deformed shape and stresses acting on them, the two extreme 
cases of completely permeable and impermeable linings are presented and commented upon. 
 
3.4.1 Hoop forces 
In Figures 3.18, 3.19, 3.22 and 3.23 the hoop force diagrams are plotted for the first and the 
second tunnel for the anisotropic and the variable permeability soil model. In Appendix B (section 
B1) the variation of the hoop force with the angle around the tunnel can be found where the exact 
values of the hoop force experienced by the lining at each angular distance can be more clearly 
read. Each one of the above mentioned figures includes a diagram for each lining permeability 
considered at four different time increments: after first tunnel construction, prior to and after 
second tunnel construction and in the long term, plotted in the diagrams with a solid line and a 
triangular symbol, solid line and a full circle symbol, dashed line and a solid line respectively.  
For the first tunnel (left), it can be seen that the variation of hoop forces around the tunnel 
changes with time and depends on the lining permeability while the influence of the soil 
permeability model is negligible (Figures 3.18 and 3.19). In particular, when the lining is assumed 
to be impermeable, the magnitude of hoop forces increase with time, fluctuating around 550kN in 
the long-term compared to 390kN after the tunnel’s construction. The shape of the variation 
remains unchanged indicating that the crown and the invert attract more hoop force compared to 
the springing of the tunnel. However when the tunnel is modelled to be permeable either with a 
finite permeability or fully permeable, the hoop forces do not change in magnitude considerably 
between the short and long-term, fluctuating around 390kN/m (length out of plane) in the short 
term and around 400, 390 and 380kN/m (length out of plane) in the long term, for increasing 
lining permeability, respectively. The important change is that the distribution of the hoop forces 
changes with time resulting in the springing of the tunnel attracting more hoop force in the long 
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term compared to the crown and invert (while the opposite is true in the short term). In fact, as 
can be seen in Figure 3.20, where the long-term hoop force diagrams are compared for both soil 
permeability models and for all the lining permeabilities, the more permeable the lining is, the less 
hoop force is attracted at the tunnel invert and crown while for the left and right axis the 
differences are indistinguishable. The latter observation is more pronounced when the anisotropic 
soil permeability model is used.  
Figure 3.21 concentrates on the variation of hoop force with time of four different locations on 
the first (left) lining (labelled as left, right, crown and invert) for all the scenarios analysed. It is 
observed that the construction of the second tunnel affects the magnitude of the hoop force in 
the first tunnel. Specifically, the hoop force is increased at both the left and the right axis while it is 
decreased at the crown and the invert axis due to the second tunnel construction. After the 
construction of both tunnels, during the consolidation period, the hoop force all around it 
increases with time for the impermeable lining case with its invert attracting the greatest hoop 
force. However, the hoop force increases at both sides and decreases at the crown and invert for 
both tunnels for the permeable lining cases. In fact, these increases and decreases are more 
pronounced as the tunnels become more permeable (as discussed above), resulting in the crown 
of the tunnel experiencing the least hoop force while the right axis of the tunnel (the one towards 
the second tunnel constructed) attracts the largest hoop force. Finally, it is noted that the above 
observations hold for both soil permeability models despite the fact that the changes are more 
pronounced when the anisotropic soil permeability model is used. 
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Figure 3.18: Hoop force diagrams for the first (left) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used. 
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Figure 3.19: Hoop force diagrams for the first (left) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the variable permeability soil model is used. 
 
CHAPTER 3: CONDITIONS AT THE HYDE PARK SITE PRIOR TO CROSSRAIL EXCAVATION 
113 
 
 
Figure 3.20: Long-term hoop force diagram for different permeability cases when a) the 
anisotropic and b) the variable soil permeability model is used for the first (left) tunnel. 
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Figure 3.21: Hoop force variation with time for first (left) tunnel for different scenarios. 
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Similar results to these presented above for the first tunnel are presented in Figures 3.22, 3.23, 
3.24 and 3.25 for the second tunnel. It can be seen in Figures 3.22 and 3.23 that similar 
observations to those made for the first tunnel hold for the hoop force distribution around the 
tunnel when the tunnel is modelled to be impermeable. Once the lining permeability is taken into 
account, the hoop force is generally increasing all around the tunnel lining between the short and 
long term. The lining attracts more hoop force and it is more evenly distributed around it for all 
the scenarios compared to the first tunnel, which is believed to be an effect of the soil engaging 
reduced stiffness due to the construction of the first tunnel.  
In Figure 3.24 it can be seen that the difference in the attracted hoop forces in the long-term 
among the different lining permeability scenarios is not as significant as for the first tunnel, 
indicating that the lining permeability does not affect considerably the second tunnel behaviour 
(with the exception of the impermeable lining). Once again, the soil permeability model is of less 
importance.  
Figure 3.25 is added here for completeness in order to show the increase of the hoop forces for 
all the scenarios and for the four monitoring locations (with the exception of the crown and the 
invert axis for the permeable lining of the anisotropic soil permeability model where the forces 
remain unchangeable). It is worth noting that for the second tunnel higher hoop forces are 
generally attracted on its left axis (towards the first tunnel). 
In summary, the lining permeability seems to be the most critical aspect concerning the hoop 
force magnitude and distribution while the soil permeability model is of less importance. In 
addition, the construction sequence also plays an important role in the hoop force generated and 
there is not only an interference to the first tunnel due to the construction of the second but also 
the hoop force experienced by the second tunnel is clearly affected by the presence of the first. 
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Figure 3.22: Hoop force diagrams for the second (right) tunnel at various time instants for  a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used. 
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Figure 3.23: Hoop force diagrams for the second (right) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the variable permeability soil model is used. 
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Figure 3.24: Long-term hoop force diagram for different permeability cases when a) the 
anisotropic and b) the variable soil permeability model is used for the second (right) tunnel. 
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Figure 3.25: Hoop force variation with time for second (right) tunnel for different scenarios. 
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3.4.2 Bending moments 
In Figures 3.26, 3.27, 3.29 and 3.30 the bending moment diagrams are plotted for the first and 
the second tunnel for the anisotropic and the variable permeability soil models. Additionally, in 
Appendix B (Section B2) the variation of the bending moment with the angle around the tunnel 
can be found where the exact values of the bending experienced by the lining at each angular 
distance can be, more clearly, read. Each one of the above plots includes the bending moment 
diagram at the same four different time increments that were used when discussing the hoop 
forces. 
For the first tunnel (Figures 3.26 and 3.27), the bending moment diagram shows that for any 
lining permeability in the short-term the crown and the invert of the tunnel experience tension at 
the extrados, while for the two axes locations it experiences tension at the intrados of the tunnel. 
From this state the bending moments change gradually towards their long-term distribution. 
When the tunnel is modelled to be impermeable the long-term bending moments of the lining are 
almost zero for both soil permeability models. On the contrary, when the permeability of the 
lining is finite, the distribution of the long-term bending moments around the tunnel changes sign 
compared to the short-term ones, experiencing compression at the extrados at the crown and the 
invert and compression at the intrados at the two axes locations. In Figure 3.28, the different 
lining permeability scenarios for both the soil permeability models are compared in the long-term. 
The two plots of the figure have slightly different scales. It can be seen that the magnitude of the 
bending moment of the left (first tunnel) varies between -12.5kNm (negative means tension at the 
extrados) to 12.5kNm at most. It is noted that for the bending moments the lining permeability is 
less important as the difference in the distribution is not significant for any lining permeability 
considered. On the contrary, the soil permeability model affects the magnitude of the bending 
moment quite considerably with the anisotropic permeability model giving higher bending 
moments. For instance at the crown the bending moment is 6kNm when the variable permeability 
model is used and 10kNm when the anisotropic permeability is used. Similarly at the left axis of 
the tunnel the bending moment varies between -2kNm to -4kNm for the variable permeability 
model (depending on the lining permeability) while it varies between -5kNm to -9kNm for the 
anisotropic permeability model used. 
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Figure 3.26: Bending moment diagrams for the first (left) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used. 
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Figure 3.27: Bending moment diagrams for the first (left) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the variable permeability soil model is used. 
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Figure 3.28: Long-term bending moment diagram for different permeability cases when a) the 
anisotropic and b) the variable soil permeability model is used for the first (left) tunnel. 
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Concerning the second (right) tunnel (Figures 3.29 and 3.30) its short-term behaviour has much 
smaller bending moments than the first. Its behaviour in the long term is also similar, if the 
permeability of the lining is considered, with the bending moments being between -8kNm and 
8kNm. For the impermeable lining, the pattern of the bending moment distribution differs from 
the first tunnel’s in the long term with the lining experiencing tension at the extrados of the crown 
and the invert and at the intrados of the side axes locations. The soil permeability affects the 
magnitude of the bending moment significantly while the lining permeability is not influential (see 
Figure 3.31); a behaviour noted for the first tunnel. 
It should be noted that in all the analyses the bending moments have not reached the limiting 
values at which the joints of the segments can open and as such the joints remain closed 
throughout the analysis. Finally, the bending moments are related to the deformed shape of the 
tunnel linings and this will be discussed in the next section. 
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Figure 3.29: Bending moment diagrams for the second (right) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used. 
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Figure 3.30: Bending moment diagrams for the second (right) tunnel at various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used. 
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Figure 3.31: Long-term bending moment diagram for different permeability cases when a) the 
anisotropic and b) the variable soil permeability model is used for the second (right) tunnel. 
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3.4.3 Linings deformation 
This section investigates how the two tunnels deform throughout the analysis. In Figure 3.32, 
the deformed shapes from different cases are presented. 
 
 
Figure 3.32: Deformed shapes of the a) first and b) second tunnel for different scenarios. 
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The deformation of the linings is expressed as a percentage and is defined as the ratio of the 
change of radius at any point around the tunnel over the initial radius; a ratio which is often called 
ovalisation. The ovalisation of both tunnels for the fully permeable and the completely 
impermeable lining in the short and the long term for both soil permeability models is plotted in 
Figure 3.32 (scaled up by a factor of 300 in order to be visible). The deformed shapes in the long 
term are plotted by subtracting any rigid-body movement due to consolidation. This procedure 
was achieved by assuming that at any increment of the analysis, the rigid-body movement can be 
expressed as the movement of the centre of each tunnel which was always found as the centre of 
the best fit circle to the deformed lining. Since the deformation of the linings is generally less than 
0.5%, assuming that a circle can be drawn around their new deformed shape is reasonably 
accurate.  
The ovalisation of a series of points on the perimeter of each tunnel is represented with a 
symbol in each graph, the position of which, relative to the ‘iso-ovalisation’ contours (varying from 
-0.15% to +0.20%, drawn inside and outside respectively the original un-deformed lining shape, 
drawn as a solid black line) shows the ovalisation magnitude. Two modes of deformation are 
captured herein, ‘egging’ and squatting’. The term ‘egging’ refers to a deformed shape in which 
the vertical diameter is increasing while the horizontal diameter is decreasing while the opposite 
mode is called ‘squatting’. 
It is observed, just after tunnel excavation that the initial mode of deformation is ‘egging’. This 
can be attributed to the fact that the two tunnels are constructed in a layer of clay with K0 higher 
than 1, which means that the horizontal stresses are initially higher than the vertical ones and also 
the shear stresses are anti-clockwise at the first and third quadrant and clockwise at the other two 
(see Figure 3.33). The magnitude of the ovalisation varies between -0.05% and 0.05% for both 
tunnels while the first tunnel ‘eggs’ slightly more. The fact that the second tunnel ‘eggs’ less can 
be attributed to the fact that the K0 of the soil adjacent to the excavation of the first tunnels has 
been reduced due to its construction. It is also worth mentioning that the short-term deformed 
shape of the second tunnel is not exactly the same for all the examined scenarios. This is due to 
the consolidation period of six months between the constructions of the two tunnels during which 
the soil is affected differently by the different hydraulic boundary condition assumed on the 
perimeter of the first tunnel. 
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Figure 3.33: Sketch of the initial shear stresses acting on the two tunnels. 
 
The final deformed shape for the impermeable lining cases for both tunnels is, again, ‘egging’. 
The deformation mode is less pronounced for the first tunnel which ended up with almost a 
circular shape. The second tunnel ‘eggs’ even more than its short-term response with ovalisation 
magnitude varying between -0.10% and 0.08%. The mode changes dramatically to ‘squatting’ for 
the permeable linings. The first tunnel ‘squats’ more than the second with ovalisation varying from 
-0.20% to 0.18%. In fact, for the first tunnel, it is observed that the highest ovalisation is predicted 
at the points where the special beam elements were placed representing the joints of the 
segments at the top and the bottom of the tunnel. It can be argued that the construction of the 
second tunnel imposes a stress relaxation on the horizontal axis and as such this is translated as a 
lengthening of the horizontal diameter of the first tunnel. Generally, the above observations hold 
well for both soil permeability models, however the magnitude of the ovalisation is less for the 
variable permeability soil model. 
As shown in Chapter 2 the ‘squat’ mode of deformation is the one verified by field 
measurements for tunnels where no special grouting measures are taken to make the lining 
impermeable. Consequently the results for the permeable cases are in agreement with field 
measurements. Furthermore, Wright (2009) also showed that the measured ‘squatting’ is higher 
for the first tunnel constructed in the case of twin tunnels. In Figure 3.34 a longitudinal plot of 
distortion of the vertical axis of twin Northern line linings from Golders Green to Hampstead is 
shown. The northbound (NB), plotted with the solid black line, was constructed first and ‘squats’ 
more for the whole length of the monitored distance. This is further evidence that the results for 
the permeable lining cases examined in the analyses agree with the field measurements; at least 
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in terms of the modes of deformation as the exact amount of deformation depends on the specific 
conditions at each site such as depth and radius of each tunnel as well as the soil layering and 
properties. 
 
 
Figure 3.34: Plot of tunnel distortions between Golders Green and Hampstead (Wright, 2009). 
 
3.4.4 Stresses acting on the Central line linings 
In this section the normal and shear stresses acting on each lining for some of the scenarios 
analysed are presented and discussed. The understanding of their distribution around the 
periphery of the linings and their evolution with time is a key aspect in making the results of the 
numerical research to aid the complementary laboratory work investigating the deformation of 
linings. Figures 3.35 and 3.36 show the total normal and shear stresses respectively acting on the 
first constructed lining. In each figure the distribution of the stresses around the periphery of the 
tunnel are plotted for both permeability soil models used, for both the short and the long term 
and for both permeable and impermeable tunnel lining (the short term do not differ considerably 
between the two different soil permeability models and only the results from for the anisotropic 
soil permeability model are plotted for clarity). The respective plots for the second tunnel can be 
found in Appendix B (Section B3).  
From Figure 3.35 can be seen that the normal stresses acting around the tunnel’s perimeter 
drops due to the excavation from a ‘greenfield’ mean value of 460kPa to a more uniform 
distribution of around 220kPa (50% of the overburden) for both lining permeability cases. The 
more uniform distribution after the completion of the excavation is due to the reduction of the 
ratio of horizontal to vertical total stress (σh/σv), close to the tunnel vicinity due to the excavation 
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from values higher than 1 to almost 1. Concerning the long term, it can be seen that for the 
impermeable lining cases the distribution of normal stress is increased by the same amount all 
around the tunnel and its mean value is around 75% of the overburden stress. The soil 
permeability model that was used does not affect the distribution at all. In addition, and as far as 
the long-term distribution of normal stresses for the permeable lining cases is concerned, it is 
observed (Figure 3.35a and c, where an illustrative sketch is shown) that they increase at the 
horizontal axis and decrease at the vertical axis compared to their values after the completion of 
the tunnel construction with the increase and the decrease being larger when the anisotropic 
permeability soil model is used. However the long-term distribution of the normal stress appears 
to contradict the squatting that is associated with it. It would have been expected that the normal 
stresses should decrease at the horizontal axis and increase at the vertical axis so as the tunnel can 
‘squat’ ultimately after its initial ‘egging’. This ‘inconsistency’ highlights that changes in normal 
stresses acting on a geotechnical structure are only part of the story, which involves both changes 
in the shear and the normal stresses.  
In Figure 3.36, where the shear stress acting on the periphery of the tunnel are plotted, it can 
be seen that after the construction of the tunnel the shear stresses acting on the first and third 
quadrant have an anti-clockwise direction and on the second and the fourth quadrant a clockwise 
one. With this direction of the shear stresses the short-term ‘egging’ is, obviously, the expected 
deformed shape. Their magnitude varies between -40 and 40kPa with some spikes occurring at 
some locations of the special beam elements representing the joints. In the long term for the 
impermeable lining the shear stresses remain approximately the same which is why the deformed 
shape in these cases returns to an almost circular shape (due to the increase of normal stresses). 
On the contrary, if the tunnel is modelled to act as a drain, the shear stresses change their 
direction in the long term being clockwise in the first and third quadrants and anti-clockwise in the 
second and the fourth ones, with their magnitude being higher for the anisotropic permeability 
soil model (approximately as large as the shear stresses were in the short term). In this scenario, it 
can be claimed that the shear stress direction dictates the long-term shape of the tunnel 
(‘squatting’ is captured). The above comments, also, hold for the second tunnel and the respective 
plots can be found in Section B3 of Appendix B. 
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Figure 3.35: Normal stresses acting on the first tunnel a) permeable lining, b) impermeable lining, 
c) sketch for the permeable lining. 
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Figure 3.36: Shear stresses acting on the first tunnel a) permeable lining, b) impermeable lining,    
c) sketch for the permeable lining (positive shear stress is anti-clockwise). 
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Based on the above discussion it seems that the shear stresses acting on the periphery of a 
tunnel dictate its deformed shape both in the short and the long term irrespective of the lining’s 
permeability. This can be explained by the fact that tunnel excavation provokes a shearing 
mechanism in the soil and as such the soil shear stresses are the ones that control the 
deformation mode of the tunnel. The change in normal stresses occur as a consequence of the 
deformation, moving towards ‘active’ values in the areas where the lining is moving away from the 
soil (crown and invert) and moving towards ‘passive’ values in the areas where the lining is moving 
towards the soil (at the left and right side). These observations are important and necessary to 
bear in mind when an experimental procedure is used for exploring the lining behaviour. The 
‘limitation’ with the majority of experimental set-ups is that they are designed to apply normal 
stresses. As such, if the deformed shape, that it is to be achieved experimentally, is taken from a 
numerical analysis (like the ones presented in this chapter), then it cannot be reproduced by 
applying only the normal stresses to the lining predicted by the numerical analysis. As such in the 
following (Sections 3.5 and 3.6) a procedure to overcome this inconsistency between numerical 
analysis and experimental tests is proposed and discussed. 
 
3.5 Isolation of shear and normal stresses acting on lining 
3.5.1 Introduction and details for the joint elements 
As mentioned in the introduction to this thesis, the research performed at Imperial College 
London had three integral parts; one of which is the experimental investigation of the behaviour 
of cast-iron rings (Yu, 2014). The scope of this research was the experimental investigation of how 
much deformation a grey-cast iron ring can sustain before it becomes structurally incapable. As an 
aid to the design of these experiments, results from numerical analysis are vital.  
In this section effort is given to obtain stress values that can be used in the laboratory in order 
to obtain the in-situ conditions, prior to the Crossrail tunnel construction. In Section 3.4.4, the 
stresses applied on the Central line tunnels were presented but it was shown that the normal 
stresses act in conjunction with shear stresses and both are responsible for the short and the long-
term deformed shapes of the Central line tunnels. As such these are practically of limited use as 
one of the limitations of the experimental set-up is that only normal loads can be applied to the 
lining ring. 
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For the results of the numerical analysis to provide a useful input for the laboratory set-up, it is 
essential to isolate the effect of normal and shear stresses acting on the tunnels’ perimeter. In 
order to achieve this, the use of joint elements (known also as interface elements) between the 
beam elements, representing the linings, and the solid elements, representing the soil around the 
tunnel were incorporated in the finite element model as shown in Figure 3.37.  
 
 
Figure 3.37: Illustrative representation of the position of joint elements. 
 
The joint elements have six nodes, conjugate pairs of which have the same coordinates. They 
are, generally, used for soil structure interaction problems as they allow the user to control 
separately their normal and shear stiffness and through them the interface conditions (i.e. slip/no 
slip) between the soil and the lining. For the present analyses, the joint elements are assumed to 
behave linearly elastically. The analyses that were repeated used the anisotropic permeability soil 
model and the tunnels were assumed to be either permeable or impermeable. Two extreme cases 
for the interface conditions between the lining and the adjacent soil were examined. The first case 
used high normal and shear stiffness representing the no-slip case and the other case kept the 
normal stiffness high and used a very low shear stiffness allowing the full slip case to be simulated. 
The normal and shear stiffnesses had values of 107 kN/m and 10E-4 kN/m, respectively. The first 
set of analysis with the no-slip condition was performed in order to validate the performance of 
the joint elements. The stiffness values were determined by a trial and error procedure so that 
their magnitude did not provoke instability problems and yet still resulted in the expected 
behaviour (the same behaviour as in the analyses without the joint elements, see Section 3.5.2). 
The analyses with the low shear stiffness, simulating the full slip case scenario, allowed the tunnel 
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to deform only due to normal stresses acting on it as any shear stresses could not develop. The 
initial stresses for the joint elements (normal and tangential stress) were calculated to be 
consistent with the initial stress of the soil elements. 
The joint elements around the first (left) constructed tunnel were excavated simultaneously 
with the soil elements in the intrados of the lining so that the excavation forces were applied 
directly on the nodes of the soil at the extrados (without being affected by the presence of the 
joint elements). They were then constructed simultaneously with the beam elements representing 
the lining to allow the user to control the relative soil-tunnel interaction. During the first (left) 
tunnel construction the degrees of freedom of the conjugate nodes (i.e. nodes with the same 
coordinates) of the joints around the second (right) tunnel were tied so as not to play any role 
until they were excavated and constructed for the second tunnel construction simulation. 
Throughout the analyses performed the joint elements were assumed to behave in a drained 
manner. 
 
3.5.2 Verification of joint elements 
Before looking into the effect of eliminating the shear stresses acting on the tunnels, it is 
essential to verify that the joint elements behave as intended. In order to establish their 
behaviour, a set of analyses was performed where their stiffness, both normal and shear, were set 
to high values (see Section 3.5.1). Presuming that the values of the stiffness are high enough not 
to allow any relative movement between the lining and the soil, the results of this set of analysis 
should be identical with similar analyses performed without using joint elements where the lining 
and soil were fully connected.  
In Figures 3.38, 3.39 and 3.40 the deformed shapes and the normal and shear stresses, acting 
on the first (left) constructed tunnel, are presented both for the short and the long term for the 
scenario of a completely permeable lining. Figure 3.38 shows that the deformations (short and 
long term) of the tunnel when the high stiffness joint elements are used are identical to the ones 
when the joint elements were not used. This proves that the joint elements work as intended and 
in addition that the value of stiffness adopted was adequate. This latter conclusion is also verified 
by the stresses acting on the tunnel lining (Figures 3.39 and 3.40) where the difference between 
the two analyses (with high stiffness joint elements and without joint elements) are negligible (i.e. 
less than 4% for any point around the lining). Another indication that the joint elements showed 
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the expected behaviour is that for the analyses with the zero shear stiffness joint elements, the 
shear stresses acting on the lining in the short and the long term are practically zero (thick grey 
lines in Figure 3.40). This means that the tunnel lining in this analysis deforms only due to the 
normal stresses acting on it and the isolation of the deformation of the lining from the shear 
stresses has been successful. All the above comments hold also for the impermeable lining (see 
Section B4 of Appendix B). 
 
 
Figure 3.38: Deformed shape in the short and long term for analysis using joint elements around 
the tunnel perimeter (permeable lining). 
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Figure 3.39: Normal stresses acting on the lining for analysis using joint elements around the 
tunnel perimeter (permeable lining) a) magnitude and b) sketch for the zero shear stiffness joint 
element analysis. 
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Figure 3.40: Shear stresses acting on the lining for analysis using joint elements around the tunnel 
perimeter (permeable lining). 
 
3.5.3 The effects of eliminating the shear stresses acting on the tunnel 
In Figure 3.38 the deformed shapes of the shear stress free analyses compared with the 
analyses with the shear stress analyses are plotted. In the short term the deformation of the lining 
remains almost unchangeable while in the long term the tunnel lining ‘squats’ more compared to 
the ‘original’ analysis. It is important to note that the modes of deformation are the same as those 
of the original analysis and only the magnitude slightly differs in the long-term. The same holds for 
the impermeable lining scenario (see Section B4 of Appendix B) where in the long term the tunnel 
also ‘squats’ more having an ultimately ‘squatted’ deformed mode compared to the circular one 
from the ‘original’ analysis. 
In Figure 3.39 the normal stresses acting on the lining are compared. As explained in the sketch 
the lining deformation (for the shear stress free analysis) can now be completely explained and 
attributed to the normal stresses acting on it (as the shear stresses are zero). In the short term, 
the normal stresses acting on the left and right axes of the tunnel are higher than the ones acting 
on the crown and the invert and they force the tunnel to ‘egg’. In the long term, the normal 
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stresses decrease in the left and right axes and increase around the crown and the invert resulting 
in higher normal stresses at the crown and the invert compared to the two axes and consequently 
the tunnel ‘squats’. For the impermeable case (see Appendix B, Figure B.12) the normal stresses, 
in the long term, around the invert and the crown are also higher than the ones around the two 
axes.  
Since the same deformation modes are achieved with the use of these zero shear stiffness joint 
elements, compared to the ‘original’ analyses, and the deformation is a result of, only, the normal 
stresses acting on the lining, the stresses from this analysis can be used in the laboratory set-up.  
In Figure 3.41 the hoop force and the bending moment distribution of the analysis with the zero 
shear stiffness joint elements are shown together with those from the original analysis. It is 
observed that despite the fact that the hoop forces oscillate around the same hoop force value for 
both the short and the long term (around 390kN for the permeable lining), the distributions are 
much more uniform and the difference between the short and long term is less pronounced. As 
such, all the cross-sections of the lining experience the same hoop force. This is something that 
has to be kept in mind when results from laboratory set-ups, where no shear stresses are applied 
in the structural model, are used. The bending moments do not have any particular differences 
and their distribution follows the deformed shape. The fact that in the long-term the lining 
deforms in a more ‘squatted’ shape, is reflected in the bending moment distribution with slightly 
higher bending moments for the lining. All the comments also hold for the impermeable lining 
scenario (see Figure B.14 of Appendix B).  
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Figure 3.41: a) Hoop force and b) bending moment distribution around the first (left) lining 
(permeable lining). 
 
3.6 Experimental set-up simulation 
In this section, two supplementary numerical analyses are presented in order to investigate and 
predict a lining behaviour (deformation and internal stresses) under the scenario that it is 
deformed under loading applied from a laboratory set-up without any soil-structure interaction. 
Figure 3.42 shows the laboratory set-up used at Imperial College London to investigate the 
deformation of grey-cast iron rings. In this research (Yu, 2014), the set-up consists of a grey cast 
iron half-scale ring (based on the dimensions of the Central line linings) on which the loading is 
applied using 18 actuators which distribute the loading via spreader. The ring is modelled with 6 
segments (key is not included for simplicity). A reaction ring surrounding the lining enables the 
loading components to be applied to the desired level. The analyses performed and described 
herein can be compared to the results of the first (left) constructed tunnel when this is modelled 
as completely permeable. 
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Figure 3.42: Laboratory ring set-up - shaded area indicates the quarter ring to be modelled (after 
Yu, 2014). 
 
Since the ring in the laboratory is geometrically symmetric around two axes, it was decided to 
take advantage of the symmetry for the numerical model and as such only a quarter of the ring 
was modelled (see Figure 3.43). The model simulates one and a half lining segments and it consists 
of 12 beam elements two of which are the special beam elements simulating the joints between 
the segments. The joints are placed at 30 and 90 degrees from the lower boundary of the model. 
The boundary condition at the right edge of this ‘structural’ model allows only horizontal 
movement and on the upper edge allows only vertical. The loading on the back of the skin was 
calculated based on the analysis where the lining was considered permeable (and anisotropic soil 
permeability model was used) and the zero stiffness joint elements were used around the tunnel 
since only normal stresses can be applied in the laboratory set-up (see Figure 3.39). Moreover, due 
to the symmetry assumed in the analysis, the loading on the back of the skin was also assumed to 
be symmetric and as such the loading of the first quadrant (0° to 90°) (from Figure 3.39) is used. 
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This is applied over 20°. The stresses calculated with the above procedure are applied over the 
back of the skin as shown in Figure 3.43a with the values summarized in Table 3.4. In the second 
analysis, the loading is applied only at the position of the pads as shown in Figure 3.43b with the 
respective values (calculated based on the area of the loading pads) also shown on Table 3.4. The 
loading for both cases is applied over 10 increments to achieve the short-term response of the 
lining. For the long term response the difference of the calculated normal stresses from the short 
and long-term is added on the back of the skin over another 10 increments. 
 
 
(a)        (b) 
Figure 3.43: Sketch of the structural model used with the loading applied a) continuously over the 
back of the skin of the lining and b) at the positions of the loading pads. 
 
Table 3.4: Normal stresses acting on the back of the skin for the two loading cases. 
 
Loading (kPa) 
  
Loading (kPa) 
Angle (o) short-term long-term Pad Angle (o) short-term long-term 
0 to 10 215.30 196.84 1 0 to 7.5 287.07 262.45 
10 to 30 215.38 202.64 2 12.5 to27.5 287.17 270.18 
30 to 50 208.53 208.03 3 32.5 to 47.5 278.04 277.38 
50 to 70 207.95 220.51 4 52.5 to 67.5 277.27 294.02 
70 to 90 210.68 217.20 5 72.5 to 87.5 280.90 289.60 
 
Figures 3.44 and 3.45 summarize the short and long-term response, respectively, of the lining 
as this comes from the original analysis, the analysis where the zero stiffness joint elements 
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around the lining were used and the ‘structural’ model analysis with loading applied either all 
around the lining or only on the positions of the pads.  
 
 
Figure 3.44: Short-term deformed shapes of the lining for the ‘structural’ model analysis and 
comparison with the previous analysis. 
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Figure 3.45: Long-term deformed shapes of the lining for the ‘structural’ model analysis and 
comparison with the previous analysis. 
 
In the case where the loading is applied all around the lining’s perimeter, the predictions of the 
‘structural’ model agree well for the short term while in the long term, it results in less ‘squat’ 
compared to the analysis with the zero stiffness joint elements (from where the stresses were 
extracted) and agrees better with the deformed shape from the 2D full analysis. The latter is 
believed to be a result of assuming symmetric loading in the ‘structural’ model. With this 
assumption, the difference in the ground loading on each side of the tunnel due to the presence of 
the second tunnel is neglected. Indeed, in Figure 3.39 the left side of the tunnel experiences more 
normal stress than the right in the long term. In the short term the loading is symmetric in the soil-
structure interaction analysis as the second tunnel was not yet present. When the loading is 
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applied only at the position of the pads the result is less ‘egging’ and more ‘squatting’ in the short 
and long term respectively. This difference is due only to applying the loading at these positions 
and it is something to bear in mind during the laboratory tests. In fact it seems that the deformed 
shape both in the short and long term is very sensitive to the loading applied on each of these 
pads. For instance, by increasing the loading on the 1st pad or decreasing the loading on the 5th 
pad by just 8kPa the deformed shapes are in perfect agreement with the analysis without the 
pads. This highlights the importance of accurately controlling the stresses in a laboratory set-up. 
As far as the hoop force and the bending moments are concerned, they are plotted on Figure 
3.46. They follow well the distribution from the ‘zero stiffness joint element’ analysis both in the 
short and long term with their difference being less that 3% for both loading cases assumed in the 
‘structural’ model analysis. As noted above, the distribution of the hoop force is much more 
uniform than the one resulting from the ‘original’ analysis (i.e. with the shear stresses applied to 
the lining) which needs to be considered in the processing of any laboratory results. 
 
 
Figure 3.46: a) Hoop force and b) bending moment distribution around lining for the ‘structural’ 
model analyses and comparison with previous analyses. 
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3.7 Final remarks and conclusions 
The series of analyses presented in this chapter explored in a detailed way both the soil and the 
grey cast iron lining behaviour of the Central line tunnels at the location where the new Crossrail 
tunnels pass beneath them. Different soil permeability models and lining permeabilities were 
investigated and their significance was revealed through a systematic comparison. Inconsistencies 
in the lining’s behaviour between full soil-structure interaction predictions and what can actually 
be modelled in a laboratory set-up (where the deformation of a lining is investigated) were shown 
and ways of overcoming them were proposed. The conclusions of the chapter can be summarised 
as follows. 
I. Soil response in the short and long term due to twin tunnel construction 
 With a volume loss controlled excavation procedure the first tunnel excavation results in the 
same soil movements irrespective of the lining permeability or the soil permeability. 
 With the same assumed workmanship, the settlement troughs predicted for the second 
constructed tunnel result in higher volume loss and the settlement trough has its maximum 
shifted towards the first constructed tunnel due to the soil softening that occurs after the 
first tunnel construction. 
 In the long term (100 years of consolidation) the effect of the two excavations has been 
erased by the consolidation process and the troughs merge with maximum settlement at the 
midline between the vertical axes of the two tunnels. 
 In the long term the more permeable the lining is, the more vertical movement the soil 
surface experiences. The different soil permeability models affect slightly the magnitude of 
the soil movement with the anisotropic model resulting in greater displacements compared 
with the variable model. For impermeable linings, the ground surface heaves slightly which 
indicates that the assumption of impermeable behaviour is unrealistic. 
II. Lining response in the short and long term 
 The two tunnels ‘egg’ in the short-term and then ‘squat’ in the long-term if they are 
permeable or ‘egg’ if they are impermeable. The more permeable the linings are, the more 
they ‘squat’ in the long-term. The second tunnel ‘eggs’ less than the first one in the short-
term and also it ‘squats’ less in the long-term. These deformation modes hold well for both 
soil permeability models with the anisotropic one resulting in greater lining displacements. 
 The hoop force distribution changes after the tunnels’ construction. If the tunnel is 
impermeable it attracts almost 40% higher hoop force in the long term compared to the 
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short term. If the lining is permeable, the hoop force increases at the axis level of the tunnel 
and decreases at the crown and the invert. The more permeable the lining is, the larger 
these increases and decreases are. In general, the second tunnel experiences higher hoop 
forces which are more uniformly distributed around it while the lining permeability has only 
a small effect. The construction of the right (second) tunnel increases the hoop force at axis 
level while it reduces it at the crown and the invert of the first tunnel. All the above 
comments hold for both permeability soil models but in case the of the variable soil 
permeability model the changes are less pronounced. 
 The bending moment distributions around the two tunnels follow the same trends as the 
deformations. 
 The normal stresses acting on the linings are approximately 50% of the overburden total 
stresses while in the case that the tunnels are impermeable, they increase to almost 75% of 
the overburden total stresses in the long-term. The tunnels deform as a consequence of 
both the normal and the shear stresses acting on the back of the lining.  
III. Isolation of normal and shear stresses acting on a lining 
 Provision of joint elements around the lining was shown to be a satisfactory way of isolating 
the shear stresses acting on the lining. 
 With zero shear stiffness joint elements around the lining, the distortion of the lining can be 
attributed completely to the effect of normal stresses. The deformation modes of the lining 
are the same as in the ‘original’ analysis, with slightly more ‘squatting’ in the long-term, 
while the hoop force distribution is more uniform around the lining both for permeable and 
impermeable lining scenarios. 
IV. Experimental set-up simulation 
 Increased squatting is predicted when applying the normal stresses to a simulation of the 
laboratory conditions (i.e. the loading is applied on the pads) compared to the soil-tunnel 2D 
models and its magnitude is extremely sensitive to the actual values of the normal stresses 
applied on each loading pad. 
 The hoop force distribution agrees well with the 2D soil-tunnel model which uses the zero 
stiffness joint elements. This distribution is more uniform compared with the ‘original’ 
analysis which allowed shear stresses to develop on the back of the lining. 
This chapter reveals a wide range of parameters than can affect a lining’s behaviour. It also 
highlights a variety of assumptions that need to be considered if the existing situation of a lining is 
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to be reproduced in a laboratory set-up. Lastly it provides a reference for identifying a lining 
situation prior to any further loading due to another tunnel construction in its vicinity. 
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CHAPTER 4               
THE CASE STUDY OF ST. JAMES’S PARK 
 
 
This chapter investigates the effectiveness of the sophisticated two surface kinematic 
hardening soil model (M2-SKH), available in ICFEP, for predicting excavation, construction and 
long-term behaviour of a site due to tunnelling. It involves several stages. First, the model and its 
advantages are described. The effect of the previous stress history of the soil is then discussed. 
Calibration of the model against real soil data for London clay follows. Then the model is used to 
simulate a tunnelling problem and the numerical predictions are compared with the short and 
long-term field data in order to validate it. The case study used here is the St. James’s Park 
reference site; act up to monitor ground response during tunnel construction for the Jubilee Line 
Extension Project. High quality field data are available both for short and long-term behaviour. The 
chapter ends by summarising the main conclusions. In all the analyses performed the finite 
element code ICFEP (Imperial College Finite Element Program) was used. 
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4.1 Introduction 
As discussed earlier in the literature review chapter, finite element analyses in stiff over-
consolidated clays generally predict shallower and wider surface settlement troughs than those 
measured in the field. The numerical analysis of tunnel excavation in stiff over-consolidated 
London clay using the modified two surface kinematic hardening soil model (M2-SKH), available in 
ICFEP, has already been performed by Grammatikopoulou (2004) for the well documented St. 
James’s Park site. Grammatikopoulou concentrated her work on: 
a. comparing the behaviour of the four kinematic hardening models (two with two surfaces and 
two with three surfaces) for the tunnel excavation problem either between themselves or with 
simpler soil models and looked into how well they compared with real  field data and  
b. examining the influence of previous stress history and stress path direction on the surface 
settlement trough by looking into the effect of the position of the kinematic surface just before 
the tunnel excavation starts (Grammatikopoulou et al., 2008). 
It was shown that the modelling of the previous geological history was of importance and 
improved the predicted width and depth of the settlement trough. However, since the field data 
were not predicted accurately, there is still scope for research on this issue. Moreover, the 
parameters used in the soil model came from tests on reconstituted samples and as such the 
different London clay units were not considered. Furthermore, the use of these soil models for the 
long term behaviour of the tunnels and the surrounding soil was not considered at all. 
Since laboratory test results on intact samples from Heathrow T5 site are available from 
Gasparre (2005) and Hight et al. (2007), recalibration of the modified two kinematic surface 
model’s (M2-SKH) parameters for the London clay units was undertaken first. The calibration was 
based on the results of undrained triaxial tests and oedometer tests results on units B2 and A3. 
The new parameters were then employed in the analysis of St. James’s Park where a variety of 
field measurements was available both for the long and short-term. The analysis of the St. James’s 
Park tunnels will validate whether the M2-SKH model, calibrated on intact properties of London 
clay, gives satisfactory results both in the short and long term for a tunnelling problem. Both 
surface and subsurface results are compared and show that despite some drawbacks when using 
such a complicated model, the field measurements can be reproduced quite well.  
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4.2 The kinematic hardening model  
Nowadays, it is generally well known that stiff over-consolidated clays show a highly non-linear 
and inelastic pre-failure behaviour (Jardine et al., 1984). This has been repeatedly observed, in 
particular, for London clay by previous researchers who worked in the laboratory, for example 
Atkinson et al. (1990), Clayton & Heymann (2001) and more recently Gasparre et al. (2007b). 
Modified Cam Clay type models (MCC) assume elastic almost linear behaviour before yield; while if 
any plastic model is coupled with a small strain stiffness model (pre-yield), non-linearity can be 
modelled but plasticity before yield is completely neglected. As such, over the past few years, 
different constitutive models have been proposed that can simulate both the non-linearity and the 
plasticity from early stages of loading. 
Kinematic hardening models combine one (or more) kinematic yield surface (‘bubble’) with an 
outer bounding surface. In this chapter, the model used is based on the ‘bubble’ model developed 
by Al-Tabbaa and Wood (1989) and was implemented into ICFEP by Grammatikopoulou (2004). 
The bounding surface for this model was chosen to be the Modified Cam clay yield surface, while 
the kinematic yield surface (‘bubble’) has the same shape as the bounding surface but its size is 
scaled down by a ratio defined by the user (Figure 4.1). 
 
 
Figure 4.1: The yield and bounding surface for the M2-SKH model in the triaxial stress space 
(Grammatikopoulou, 2004). 
 
The behaviour within the ‘bubble’ is linear elastic (having a high elastic stiffness) while once the 
stress state touches the ‘bubble’ the behaviour becomes elasto-plastic and the ‘bubble’ is dragged 
to the current stress state. The plasticity developed depends on the distance between the ‘bubble’ 
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and the bounding surface as the hardening modulus varies with this distance. This controls the 
stiffness, which gradually reduces. If the stress state (dragging the ‘bubble’) reaches the bounding 
surface then the behaviour essentially reduces to that of the Modified Cam Clay (MCC) model. If at 
any stage the direction of the stress path changes in such a way that it re-enters the ‘bubble’, the 
high elastic stiffness is again re-invoked. The model used in this chapter is called the modified two 
surface kinematic hardening (M2-SKH) as it adopts an altered hardening function which allows for 
a smooth elasto-plastic transition (Grammatikopoulou et al., 2006). This has been possible by 
using an infinite value of hardening modulus when the kinematic surface is engaged and the 
behaviour changes from elastic to elasto-plastic. A variety of shapes of the yield and plastic 
potential function are available in the deviatoric plane (Figure 4.2). 
 
 
Figure 4.2: A section of the yield and bounding surface with different possible shapes in the 
deviatoric plane for the M2-SKH (Grammatikopoulou, 2004). 
 
The model predicts isotropic strength as the bounding surface is centred around the isotropic axis. 
However, the model predicts anisotropic yielding and stiffness (Grammatikopoulou et al., 2007). 
This implies that since the ‘bubble’ is not generally centred around the isotropic axis (the ‘bubble’ 
is either centred around the current stress state which depends on the K0 value or is dragged by 
the current stress state), the model predicts different yielding and stiffness depending on the 
stress path direction as discussed by Grammatikopoulou et al. (2007). In particular, it was shown 
that if different undrained shearing stress paths are applied to an element which is previously 
isotropically consolidated and then the ‘bubble’ is centred, the model will predict exactly the same 
stiffness degradation curve. However, if this is done without centring the ‘bubble’, the stiffness 
will depend on the stress path direction (i.e. how much stress reversal it experiences). 
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Furthermore, if an undrained shearing stage follows an anisotropically consolidation stage then 
the stiffness response will be different no matter whether the ‘bubble’ is centred around the 
stress state or not. The latter is important for a tunnelling problem if the previous stress history is 
modelled. In this case, even if the effect of the previous stress history is erased by centring the 
bubbles or not erased (by continuing to the excavation of the tunnel directly after the previous 
stress history) the elements around the tunnel will exhibit anisotropic stiffness (since modelling 
the previous stress history will generally result in a soil stress state with K0≠1.0).  
Another important feature of the model, which makes its use advantageous over the simple 
non-linear elastic models, is its capability to model higher stiffness when any stress reversal is 
detected, which is a well reported soil behaviour under non-monotonic loading. The high stiffness 
is engaged when the stress path re-enters the ‘bubble’. This can occur in a tunnelling problem 
under the following scenarios. 
a) If the previous stress history is modelled then due to tunnel excavation some of the 
adjacent elements experience compression and some extension and high stiffness will be 
used if these unloading stress paths provoke stress reversal (this will be discussed later in 
Section 4.7.2) and  
b) If excavation of a new tunnel after an older one is to be modelled then clearly some 
elements will experience loading reversals and with the use of a kinematic hardening 
model these elements can be automatically detected and assigned a higher stiffness. On 
the contrary, with the use of simple non-linear elastic models, this aspect of soil behaviour 
cannot be accurately reproduced. Either a higher stiffness can be applied to the whole 
mesh (in a zeroing of strains scenario) or any reversals can be neglected completely. 
Neither option is particularly realistic. 
The capability of the M2-SKH model a) to model the previous stress history, b) to predict 
anisotropic stiffness depending on the direction of loading/unloading and c) to automatically 
detect stress reversals and re-invoke the appropriate stiffness explains why it was chosen in the 
context of this chapter. 
 
4.3 Influence of stress history 
The effect of recent stress history and the current stress state of the London clay has been 
experimentally investigated by various researchers with controversial results.  
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Atkinson et al (1990) tested reconstituted samples of London clay. They carried out several 
stress probes under constant p’ (in compression and extension), which followed different 
approach paths. As shown in Figure 4.3, the samples were brought to a common isotropic stress 
state (point O) following different approaching paths AO, QO, PO. The subsequent undrained 
shearing part (OA) was common and consequently the effect of the change in the direction of 
loading was investigated. It was observed that the more this direction differs from that of the 
approaching path, the stiffer the sample’s response during the subsequent undrained shear stage, 
indicating a clear effect of the rotation between the approach stress path and that of the shearing 
stage. The dependence of the stiffness on the stress history experienced by the sample seems to 
disappear for larger strains. It has to be noted that before undrained shearing only a three hour 
pause period was allowed. 
 
 
(a)         (b) 
Figure 4.3: (a) Stress paths followed in compression and extension constant p’ tests, (b) Stiffness 
degradation against strain for the common undrained compression and extension paths (from 
Atkinson et al., 1990). 
 
Clayton & Heymann (2001) carried out experiments on a natural sample of London clay to 
examine the effect of the approach stress path. As shown in Figure 4.4 the sample was first 
reconsolidated to its estimated in-situ state (point B) through the approaching path OAB. Then it 
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was sheared undrained in compression to a designated point (path BC). After this it was driven 
back to its in-situ stress state through the path CDB and then tested in undrained extension (path 
BE). With the approaching paths OAB and CDB it was assured that the approaching path (stress 
history) before undrained shearing was the same. Looking at the stiffness degradation curves, it 
was noticed that there was no effect of the previous stress history on the small strain stiffness 
response. However, there is a difference in the rate of stiffness decay at larger strains. These 
results are contrary to those reported by Atkinson et al. (1990). For these experiments the rest 
period was much longer than the one they allowed and the undrained shearing probes took place 
only when the creep was small. It was suggested that if enough time for creep is allowed before 
undrained shear then through a ‘healing’ process the high stiffness in the elastic strain range was 
re-established while the difference at the larger strain range were attributed to the fact that one 
of the two shearing probes (extension) was driving the sample towards failure. The latter implies 
the extension stress path in this particular experiment was driving the sample towards the 
bounding surface faster and as such it resulted in a faster rate of stiffness degradation than the 
respective compression probe which had a ‘longer’ way to travel towards the bounding surface.  
 
 
(a)         (b) 
Figure 4.4: (a) Stress paths and (b) normalised stiffness degradation curves from undrained 
compression and extension tests on natural London clay (from Clayton & Heymann, 2001). 
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Gasparre et al. (2007b) investigated further the effect of the recent stress history in the 
stiffness response of intact London clay. Three pairs of undrained shearing were performed and 
are shown in Figure 4.5. For each pair, the shearing stage was identical. The approaching paths to 
the pre-shear, almost isotropic, common state were different. The direction of the common 
shearing stage ensured that its direction was rotated, compared to the approach path, in different 
degrees as shown in the embedded q-p’ sketches of Figure 4.5. The three different pairs looked 
into the effect of the previous stress history not only by considering creep rate as an influential 
parameter but also whether the previous stress history stress path engaged the Y2 surface or not. 
According to Jardine et al.’s (1991) scheme of multiple yield surfaces, Y2 is a sub-yield surface that 
surrounds the current stress point and can move with it if it is engaged. It defines the threshold 
when appreciable plastic strains starts to occur and when drained and undrained cycling starts to 
affect the soil response significantly. Inside this region the behaviour of the soil is hysteretic non-
linear with insignificant plastic strains. According to Jardine (1995) inside Y2 surface the Y1 can be 
found which defines the region over which the soil’s response is linearly elastic. In Figure 4.5a the 
approaching stress paths have remained within the Y2 region and creep period of 7days, which 
implies that the creep rates have been reduced to a negligible level. The stiffness response of the 
common shearing probe shows no effect of the previous stress history, a result that agrees well 
with the work of Clayton & Heymann (2001). In Figure 4.5b the approaching paths again remained 
inside the Y2 surface but this time insufficient time was allowed for creep rates to decay to an 
insignificant level. The stiffness response is highly affected by the previous stress history in this 
case indicating the importance of the creep in the stiffness response. Finally, in Figure 4.5c the 
approaching stress paths were much longer passing through the Y2 surface and the creep effects 
were minimised by allowing a long enough rest period before undrained shearing. In this case the 
stiffness response is again affected by the previous stress history, with the undrained shearing 
probe, which applies a ‘more’ rotated stress path (indicated as L150°) compared to the direction of 
the approaching path, resulting in a stiffer response. Gasparre et al. (2007b) concluded that if an 
appropriate rest period before shearing is satisfied (i.e. so that creep rates are small enough) the 
previous stress history has no or little effect on the stiffness response in the case where the 
approaching path is not engaging the Y2 surface; while the previous stress history strongly affects 
the stiffness response when the Y2 surface is engaged by the approaching path. 
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(a)        (b) 
 
(c) 
Figure 4.5: Tangent shear stiffness for different approach path lengths and different creep periods 
for intact samples of London clay: (a) approach path not engaging Y2 and creep allowed, (b) 
approach path not engaging Y2 and creep not allowed and (c) approach path engaging Y2 and 
creep allowed (from Gasparre et al., 2007b).  
 
Taking into consideration the effect of previous stress history before analysing a tunnelling 
problem has been seen to be beneficial when numerical predictions (with kinematic hardening 
models) were compared with field data (Grammatikopoulou, 2004). In particular the short term 
settlement troughs predicted in numerical analysis where the previous stress history was 
modelled, were narrower, deeper and compared better with field measurements (from St. James’s 
Park) compared with the case where the effect of the modelling of previous stress history was 
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erased by centring the ‘bubble’ around the current stress state (only the effect of the following 
stress path direction was considered). Since the latest experimental data show that the effect of 
the previous stress history is important when the Y2 surface is engaged and since the previous 
stress history, as it was modelled for the purposes of this set of analyses, invokes an erosion of 
180m of overburden (see Section 4.4.3) the effect of the previous stress history was taken into 
account. Of course, due to the fact that a new calibration for London clay based on intact samples 
has been performed, erasing the effect of the previous stress history was also examined for some 
cases.  
 
4.4 Description of the numerical model 
4.4.1 General site information 
The geometry of the Jubilee Line Extension (JLE), both Westbound and Eastbound, of the 
London Underground network beneath St. James’s Park (London, UK) was adopted (see Figure 
4.6). The stratigraphy consists of a layer of Made ground overlying Alluvium. Below this, there is a 
layer of Terrace gravel overlaying the London clay. The London clay has depths in excess of 40m 
below ground level and has a thickness of at least 32m (Nyren et al., 2001).  
As revealed from the borehole logs at this site (Nyren et al., 2001) unit C of the London clay is 
absent while unit B2 is thinner than usual, hardly reaching 11m. Unit A3 has a depth of around 
12m and below that, unit A2 is present. The thickness of unit A3 in St. James’s Park matches well 
with the unit A3 depth at Terminal 5 Heathrow airport site (Hight et al., 2007) if the two profiles 
are levelled relative to the bottom of layer B. This is a common practice for soil profiles including 
London clay, as unit A3 is less likely to have been affected by the geological history. This implies 
that the depth of layer B varies across London and this is a reason for different K0 profiles 
measured in the London area. Despite the presence of unit A2 in the soil profile, it was modelled 
with the same properties as the unit A3 in the numerical simulation. This was due to the fact that, 
first, A2 was below the invert of the deeper of the two tunnels and it was believed not to play an 
important role in the soil deformations due to the tunnels’ excavation and, secondly, for this unit 
(A2) not enough laboratory tests have been performed to assess its strength and stiffness 
properties. As such, below unit B2 only layer A3 was assumed to be present. Figure 4.6 shows the 
soil profile finally used for the St. James’s Park and the geometric details of the problem. 
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Figure 4.6: Soil profile and tunnel geometry assumed at St. James’s Park site. 
 
4.4.2 Different analyses performed and analysis sequence 
As is discussed in Section 4.5, four different calibrations for the London clay units B2 and A3 
have been performed. The four basic analyses performed for this chapter kept the names of the 
four calibration cases which are: a) ‘low triaxial’, b) ‘high triaxial’, c) ‘low both’ and d) ‘high both’, 
respectively. It is noted that these names for the four different calibration cases were chosen just 
to be indicative of how well they predict the response of the London clay when it is tested in 
oedometer and triaxial tests respectively. Their names also reflect whether they predict low or 
high stiffness in the elastic range of strains. The results of the above four mentioned analyses will 
not only be compared with field data but also with the results from another analysis named in the 
following figures as ‘Grammatikopoulou’s parameters’. The latter is an analysis which followed the 
same sequence as the other four but the parameters used for the model were calibrated against 
reconstituted data for London clay and were derived by Grammatkopoulou (2004). 
Each one of the analyses involves different stages. The previous stress history was, initially, 
modelled as detailed in Section 4.4.3. This part of the analysis was drained and its main purpose 
was to take advantage of the capability of the numerical model to actually model the previous 
stress history and establish the stress regime in the mesh prior to the following stages. In all the 
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
162 
analyses, the westbound (WB) tunnel excavation and construction were simulated undrained 
using a pore fluid compressibility 1000 times larger than the bulk compressibility of the soil 
skeleton for the London clay units (the superficial ground was modelled drained). At the end of the 
WB tunnel excavation and construction, consolidation was turned on and remained on for all the 
subsequent stages of the analysis. The eight months of consolidation between the excavation of 
the two tunnels was modelled next and the eastbound tunnel excavation and construction (EB) 
followed. The EB excavation was modelled with a realistically small time step to satisfy the 
undrained behaviour of London clay. The last stage of each analysis was the modelling of a 
consolidation period, until the 2011 situation (last available field data at the time that the analyses 
were performed) and also for 80 years in order to allow for the full equilibration of the pore water 
pressure with the new hydraulic boundary conditions of the site.  
The modelling of the previous stress history required 230 solution increments (200 of which 
modelled the erosion of the overburden material assumed; and 30 increments modelling the 
construction of the Made ground and Terrace gravel with the simultaneous rise of the water 
table). The excavation of the two tunnels was performed over 200 increments each; the rest 
period between the two excavations took place over 20 increments while the last consolidation 
period involved 54 increments with an appropriate time step for each. A summary of these stages 
is shown in Table 4.1. 
 
Table 4.1: Finite element analysis stages. 
Increment 
numbers 
Analysis stages 
1-200 erosion of 180m of overburden 
201-210 construction of Terrace gravel  
211-230 construction of Made ground/Alluvial deposit 
201-230 increase of the water table from the top of London clay 
to the top of Terrace gravel 231-430 excavation of Westbound 
431-451 consolidation period of 8 months between the two 
tunnel construction 
452-651 excavation of Eastbound 
652-688 consolidation period up to 2011 
689-705 consolidation period for 80 years  
*construction of the tunnel linings took place in different increments 
during their excavation for each set of calibration parameters 
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To examine the effect of switching consolidation on in the middle of the analysis, the ‘low 
triaxial’ case was repeated with the WB excavation performed under coupled analysis with 
realistically small time steps. The results, both in the short and the long term, were identical 
indicating that there is no effect of the switching on of the coupled consolidation in the middle of 
the analysis (since the increments before were modelling a completely drained or undrained 
situation). 
In order to examine the effect of neglecting the previous stress history and only the stress path 
direction effect being taken into account, the excavation of the WB tunnel was repeated for the 
‘low triaxial’ and the ‘low both’ cases having centred the ‘bubble’ prior to the excavation (see 
Section 4.7.4). 
Additionally, a series of parametric analyses was performed to examine the effect of the 
parameter ‘α’ of the model, which controls how steeply the stiffness degrades, on the predicted K0 
profile and the short-term settlement trough (see Section 4.7.5). Moreover, the effect of solely the 
parameter ‘α’ of the model (without its effect on the K0 value) on the predicted short-term 
settlement trough was investigated by changing this parameter (‘α’) after the modelling of the 
previous stress history (see Section 4.7.5). 
Finally, the scenario where the upper 5m of the A3 unit has a much higher horizontal than 
vertical permeability was studied. In this way the presence of horizontal silt and sand partings was 
modelled and a series of parametric analysis varying the ratio of anisotropy of these permeabilities 
was performed (see Section 4.8.4). Moreover for the long-term movements after the excavation of 
the EB tunnel a series of analyses was performed varying the position of the lateral boundary of 
the mesh and the extent of the highly permeable top part of unit A3 (see Section 4.8.4). 
 
4.4.3 Modelling the previous stress history 
Simulating the previous geological history is considered to be important, as shown by 
Grammatikopoulou (2008), because taking it into account results in a deeper and narrower surface 
settlement trough when the soil is modelled with kinematic hardening models (similar to the one 
used herein). This can be attributed to the fact that due to the large stress changes occurring 
when modelling tunnel construction, the configuration of the kinematic surfaces before the tunnel 
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excavation begins allows for more plasticity (i.e. larger amount of soil movements) to take place 
compared with the case where the effect of the previous stress history is neglected (where the 
excavation process starts having the kinematic surfaces centred around the stress state). As 
demonstrated in Sections 4.6 and 4.7.5 of this thesis, the K0 and yield stress ratio profile are 
affected by the calibration of the model. This is of particular importance as it implies that these 
profiles, which dictate behaviour during the excavation process, cannot be arbitrarily chosen by 
the user. On the contrary, they are the result of a realistic modelling of the geological stress 
history prior to tunnel excavation, using model parameters that were calibrated against real test 
data. As such, all the steps of the analysis are consistent with each another. 
The modelling of the previous stress history of the site involves simulating the erosion of 
overburden material and the top part of the London clay and subsequent deposition of superficial 
layers. The method of doing so was proposed by Grammatikopoulou (2008) and an indication of 
the overburden to be removed is provided by Chandler (1999). Initially the stresses in the London 
clay stratum represent the situation of the ground before erosion; K0 was calculated as 1-sinφ’ 
(based on the φ’ of each case from the calibration). The elements of the upper two layers of 
superficial materials (Made ground/Alluvium and Terrace gravel) were deactivated at this stage 
and an overburden pressure of 1835kPa, representing  the vertical effective stress of 180m of 
saturated ground, was applied at the surface. This overburden pressure was subsequently 
removed gradually over 200 increments (representing the erosion of 180m of overburden) and 
then the two superficial layers were constructed (deposition of material) representing the 
reloading of the London Clay in 30 increments (10 increments for Terrace gravel and 20 
increments for Made ground/Alluvium). The two surface layers were constructed assuming an 
initial K0=0.5. During the final stage of deposition of the superficial materials the water table was 
raised from the top of London Clay to the top of the Terrace gravel with the pore water pressure 
profile always assumed to be hydrostatic. 
 
4.4.4 Spatial descritization and analysis details 
Figure 4.7 illustrates the finite element mesh used for the analysis of the St. James’s Park site 
which consists of 910 eight-noded quadrilateral solid elements (for modelling the soil) and 64 
three-noded beam elements (for modelling the linings). The mesh is the one used by previous 
researchers for the same site (Addenbrooke, 1997 and Grammatikopoulou, 2008) with some 
minor alterations to take into account the new stratigraphy adopted herein and the fact that each 
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tunnels diameter was 4.85m (instead of 4.75m used before). The width of the mesh is 182.0m and 
the total depth is 52.5m. The vertical boundaries of the mesh were set at a distance so as the 
widths of the settlement troughs (due to the two tunnel excavations) were not affected by them. 
Despite this width being adequate for the short-term study of the excavation, the effect of the 
lateral boundaries on the long-term settlement trough was examined and proved to be of 
importance as discussed subsequently in Section 4.8.4. 
The analyses that were performed involved coupled consolidation analysis (for the long term 
behaviour of the ground after the excavation of the two tunnels) which means that some of the 
solid elements can consolidate. Consequently these solid elements have 16 degrees of freedom, 2 
for each component of displacement (vertical and horizontal) at each of their 8 nodes and the 
consolidating elements (elements that model the London clay) have 4 additional pore water 
pressure degrees of freedom at their corner nodes. The beam elements have 3 degrees of 
freedom at each of their 3 nodes: vertical, horizontal displacement and rotation. All the analyses 
were plane strain and 2*2 integration was used. A modified Newton-Raphson technique was used 
as the non-linear solver (Potts & Zdravković, 1999). 
 
 
Figure 4.7: Finite element mesh used for the St. James’s Park site analysis. 
 
As far as the soil models are concerned, the Made ground/Alluvium layer was modelled as a 
linear elastic material having a Young’s modulus E=5000kPa and Poisson’s ratio µ=0.3; the Terrace 
gravel was modelled with the J4 model with the parameters proposed by Addenbrooke et al. 
(1997) (see Appendix A) and the London clay units B2 and A3 with the modified kinematic surface 
model, M2-SKH (see Section 4.5). The results of four different analyses based on four different set 
of parameters for the M2-SKH model used for the London clay units are presented and they are 
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compared with field measurements and with the results of an analysis using parameters for the 
M2-SKH model as proposed by Grammatikopoulou (2004). 
 
4.4.5 Boundary conditions 
During the whole analysis the bottom boundary of the finite element mesh was fixed in both 
the vertical and horizontal direction while the vertical boundaries were fixed only in the horizontal 
direction. Concerning the hydraulic boundary conditions, all boundaries of the London clay were 
left free to drain so a no change in pore water pressure is prescribed. The tunnels were assumed 
to act as drains (the lining installed was expanded precast concrete segments with no grouting and 
no special water proofing measurements) and as such a precipitation boundary condition was 
prescribed along the tunnel boundaries. This is a special dual hydraulic boundary condition which 
monitors the pore water pressures at the boundary nodes; allowing for a flow of water in to the 
tunnel if the adjacent soil pore water pressures are compressive or prevents flow of water if they 
are tensile. 
The excavations of the tunnels were simulated using the volume loss control method (as 
described in Section 3.2.7). The linings of the tunnels were deactivated at the beginning of the 
analysis. The volume loss developing during tunnel excavation, which takes place over 200 
increments, was monitored and once the desired volume losses of 3.3% and 2.9% respectively for 
the WB and EB tunnels were achieved the linings were constructed. The excavation was then 
continued allowing forces in the lining to build up. For the intermediate time (eight months) 
between construction of the two tunnels, consolidation was simulated to model any pore-water 
changes resulting from their equilibration with the new hydraulic boundary that the WB tunnel 
imposed. Consolidation was also simulated for the final stage of each analysis after the 
construction of EB tunnel in order to allow for the excess pore water pressure created by the two 
tunnel excavations to equilibrate and predictions of long-term movements to be performed. 
 
4.5 Calibration of the modified two surfaces kinematic hardening model 
Grammatikopoulou (2004) performed calibration of this model using tests on reconstituted 
samples of London clay. Since then, Gasparre (2005) and Hight et al. (2007) performed extensive 
research on the properties of intact London clay for the majority of the London clay’s units. It is 
believed that for a boundary value problem, such as the tunnelling one investigated herein, more 
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realistic results could be obtained from numerical analysis if the soil model used is calibrated 
against intact samples tests. As such, the model was calibrated using isotropically consolidated 
undrained triaxial compression tests (where shearing started from an isotropic state consistent 
with their in-situ p’) and oedometer tests on intact samples of units B2 and A3 from the Heathrow 
terminal 5 (T5) project (Gasparre, 2005 and Hight et al., 2007). The soil profiles at the St. James’s 
Park site and T5 were related to each other relative to the bottom of unit B2 and the location of 
the samples was chosen to lay in the middle of layer B2 and A3 at St. James’s Park (see Table 4.2). 
 
Table 4.2: Depths from where samples from T5 project were chosen for calibration. 
Test 
Layer 
oedometer triaxial 
B2 28m 26.5m 
A3 36m 38m 
 
Four different calibration cases were considered, based on how well they predict results from 
available oedometer and undrained triaxial tests (Table 4.3). Tests from T5 revealed much lower 
elastic stiffness values than those previously established for the London clay and this is why two of 
the cases had elastic stiffness (from undrained triaxial tests) higher than the stiffness given by 
Gasparre’s data but in agreement with previous research and commercial laboratory test data on 
London clay (Hight et al., 2007). The other two cases give a much softer elastic response in 
agreement with the most recent study on the characteristics of London clay (Hight et al., 2007). 
The first two cases will be noted as ‘high’ and the latter two as ‘low’ in all the following graphs and 
tables. Each one of these two cases (‘low’ and ‘high’) were further subdivided into two categories 
quoted in the following as ‘triaxial’ and ‘both’. The former one manages to reproduce the stiffness 
degradation from the triaxial tests well but neglects completely how they perform in terms of an 
oedometer test while the second one tries to obtain a compromise between the triaxial and the 
oedometer results. The ‘triaxial’ cases resulted in poor agreement when compared to the 
unloading behaviour observed in the oedometer tests. The ‘both’ ones resulted in fair agreement 
with the original oedometer tests (both for the loading and the unloading part) but they resulted 
in response closer to the upper limit of the stiffness margin, for all the strain range, when 
compared with the triaxial tests.  
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Table 4.3: Different calibrations performed 
Name Tests calibrated against 
‘high triaxial’ reproduces stiffness from previous test data 
‘low triaxial’ reproduces stiffness from Gasparre and Hight data 
‘high both’ 
uses both data from previous triaxial tests and 
oedometer data from T5 
‘low both’ 
uses Gasparre and Hight triaxial data and oedometer 
from T5 
(*)      ‘High’ relates to elastic stiffness from undrained triaxial tests 
from previous stress data on London clay (Hight et al., 2007) 
‘Low’ relates to elastic stiffness from undrained triaxial tests 
from Gasparre (2005) and Hight et al. (2007)  
 
Table 4.4 summarises all the parameters needed to be calibrated for the modified two surface 
kinematic hardening model while afterwards each one of these is explained in detail and the 
calibrated values given. 
 
Table 4.4: List of the parameters calibrated for the model. 
Model parameters Explanation 
v1 specific volume at unit pressure in the v-lnp’ space 
λ slope of the compression line in the v-lnp’ space 
κe slope of the elastic swelling line in the v-lnp’ space 
Ge elastic shear stiffness 
φ' angle of internal shearing resistance defining the Mohr-
Coulomb hexagon in the deviatoric plane 
Yp and Zp parameters defining  the shape of the plastic potential 
YSR yield stress ratio 
R ratio of the yield surface size to that of the bounding surface 
α coefficient of the hardening modulus A  
ψ exponent of the hardening modulus A  
 
The first parameters to be calibrated, were the slope of the compression line (λ) and the 
specific volume at unit pressure (v1) in the v-lnp’ space. Despite the fact that the values of these 
parameters were originally derived by Grammatikopoulou (2004) from oedometer tests of 
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reconstituted samples (the thinking being that at large strains the behaviour of the intact clay 
collapses to that of the reconstituted one) this was not the case herein. As noted in Figure 4.8 
where compression curves from natural and reconstituted samples of layer B2 from T5 site are 
compared; despite the progressive loss of structure after yielding the compression of the natural 
samples do not collapse towards the reconstituted state despite the high stresses that the samples 
subjected to. This implies that λ and v1 should be derived from tests on intact samples.  
To establish the oedometer tests in ν-lnp’ space certain assumptions were made:  
a) the Casagrande construction was used to identify the yield stress (in the original e-logσv’ space). 
For stresses higher than this the compression line was assumed to be linear 
b) the OCR was assumed to be 6.5 and 5 for the samples from layers B2 and A3 respectively at the 
beginning of the tests (Gasparre, 2005), 
c)  the φ’ values used for calculating K0 were 25⁰ and 20.3⁰ respectively for B2 and A3 respectively 
(these values are discussed later). 
Using the above assumptions the best fit for the compression lines for each one of the two 
oedometer tests were of the form v= v1 + λ lnp’. For unit B2 v1=2.5 and λ= 0.12 were adopted 
while for layer A3 v1=2.75 and λ=0.15.  
 
 
Figure 4.8: Compression curves from natural (O17, O25 and O28) and reconstituted (rO17 and 
rO25) samples from unit B2 (Gasparre & Coop, 2008). 
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The slope of the elastic swelling line κe should ideally be estimated by using a plot of the 
normalised value of bulk modulus K/p’, against the change in volumetric strain for an isotropic 
swelling path, according to Grammatikopoulou (2004). κ is the inverse of K/p’ at the start of this 
plot which determines the initial elastic bulk modulus, Ke, within the kinematic yield surface. This 
value controls basically the inclination of the initial elastic swelling part obtained from an 
oedometer test. Such a plot was presented by Hight et al (2007) from the recompression stages of 
triaxial tests, during reconsolidation to in-situ stresses, resulting in a value for κe varying from 
0.003 to 0.005. Values in this range were tested and resulted in an excellent agreement with the 
oedometer results. However, the predicted stress path in the undrained triaxial tests could not 
reproduce the softening of the material after peak observed in Figure 4.10, giving a much more 
ductile behaviour. The values chosen were κe=0.06 and κe=0.063 for layer B2 and A3 respectively. 
These values are the slopes of the whole swelling part of the oedometer tests in the v-lnp’ space if 
a straight line is fitted to this part of the tests (and not only of their initial elastic part). 
The elastic shear stiffness is assumed to be given by the empirical correlation proposed by 
Viggiani (1992): 
 
Eq. 4.1 
Where pr is a reference pressure taken equal to 1kPa, A, n, m are dimensionless parameters which 
depend on the plasticity index and R0 is the isotropic overconsolidation ratio. Since the plasticity 
index of unit B2 varies from 35 to 50 and of unit A3 from 32 to 42 (Hight et al., 2007) many 
combination of A, n and m could be chosen to match the elastic shear stiffness. However the 
values selected were n=0.87 and m=0.28 (Grammatikopoulou, 2004) for all four cases while 
parameter A varied for each case (see Table 4.5) 
 
Table 4.5: Values of A (Eq. 4.1) for the elastic shear stiffness to be matched for each case. 
Case 
Layer 
Low 
triaxial 
High 
triaxial 
Low 
both 
High 
both 
B2 250 550 260 550 
A3 180 455 190 470 
 
  
  
   
  
  
    
  
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
171 
A Mohr-Coulomb hegaxon was assumed as the shape of the yield function in the deviatoric 
plane. It is well known that the strength of intact samples of stiff overconsolidated clays fall rapidly 
from peak to a well-defined plateau characterised as the post-rupture strength (Burland, 1990). 
Intact samples of London clay units B2 and A3 from T5 site showed clearly such a response and 
indeed the post-rupture strengths were different between these two units (Hight et al., 2007). The 
post rupture angles of shearing resistance were used for the two units (B2 and A3) and their 
values were φ’=25⁰ and φ’=20.3⁰ respectively. No further reduction of the angle of shearing 
resistance was considered as strains imposed due to a tunnel excavation are not large enough for 
the degradation to the residual strength. The shape of the plastic potential was assumed to be a 
circle in the deviatoric plane and as such the adopted values which control it were YP=0.0 and 
ZP=1.0. 
The yield stress ratio (YSR) is the parameter that was the most difficult to calibrate since there is a 
considerable uncertainty about the yield point in the oedometer tests. However, it is an important 
parameter when triaxial tests are modelled as it defines the initial position of the bounding 
surface, which means that it controls the peak strength of the tests. A trial and error technique 
was used for defining this parameter. Initially the parameter was selected so that the oedometer 
tests were simulated as precisely as possible and then the triaxial tests were used to refine this 
first estimate. The YSR values that were selected for the oedometer tests were always kept inside 
the range of values that Gasparre (2008) proposed for each one of the two samples. Then the 
triaxial tests were modelled assuming that the samples for each unit lay, before shearing, on the 
same elastic wall as the respective samples from the oedometer. This is a reasonable assumption 
as the samples from each unit were selected to be from approximately the same depth. If the peak 
undrained strength from the triaxial tests needed to be altered slightly, the modelling of the 
triaxial tests was repeated with another YSR value (close to the initial one) and once the desired 
stress path and peak strength were achieved the modelling of the oedometer tests were repeated 
with the corrected YSR. The values of YSR adopted for each case are shown in Table 4.6. 
 
Table 4.6: YSR values adopted for the single elements tests. 
 
B2 
Case 
Test  
low 
triaxial 
high 
triaxial 
low 
both  
high 
both 
oedometer 9.8 9.2 8.4 9.2 
triaxial 5.5 5.2 4.7 5.2 
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A3 
Case 
Test  
low 
triaxial 
high 
triaxial 
low 
both  
high 
both 
oedometer 6.8 6.3 5.6 5.8 
triaxial 9.4 8.9 7.8 8.0 
 
The remaining parameters that required calibration are the parameters R, α and ψ. R defines 
the size of the yield surface as it is the ratio of this surface’s size to that of the bounding surface. It 
actually controls the extent of the elastic behaviour. Stallebrass (1990) suggested that this value 
should be checked against shear stiffness degradation curves. The parameter R was derived 
through a parametric analysis, for each case, trying to accurately predict the horizontal plateau of 
the stiffness degradation curves of the triaxial tests. The selected values are summarized in Table 
4.7. The horizontal plateau of the high initial stiffness cases was not clearly identified in the 
commercial tests and as such the elastic range was selected to be approximately of the same 
extent as in the low stiffness cases. 
α and ψ are the coefficient and the exponent of the hardening modulus A and they control the 
rate of the stiffness degradation with strain. As these parameters cannot be directly measured 
from the test data, a trial and error procedure to determine their values was adopted. The values 
finally selected are also shown in Table 4.7. 
 
Table 4.7: R, a and ψ values adopted in the model. 
a) Ratio of the size of the yield surface to that of the bounding, R 
Case 
Layer 
low 
triaxial 
high 
triaxial 
low 
both 
high 
both 
B2 0.01 0.016 0.02 0.016 
A3 0.005 0.005 0.005 0.005 
 
b) Exponent of the hardening term, ψ 
Case 
Layer 
low  high  
Both layers 0.7 1.0 
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c) Coefficient of the hardening term, a 
Case 
Layer 
low 
triaxial 
high 
triaxial 
low 
both 
high 
both 
Both layers 0.8 1.2 1.5 2 
 
In Figure 4.9 the final calibration of the two oedometers tests from the two units of London clay 
that were selected are shown. As noted previously the match (with the original test data from 
Gasparre, 2005) for all the four cases examined is excellent in terms of compression. The yielding 
behaviour predicted by the model, is also in a very good agreement with the original tests. As far 
as the swelling part of the tests is concerned, there are two cases (for each test), named ‘both’, in 
which the calibration lies close to that measured in the tests whereas there are two other cases 
(named ‘triaxial’) where the agreement is not so good and sometimes produces unrealistic 
swelling behaviour.  
 
 
(a)               (b) 
Figure 4.9: Oedometer tests and calibration results for a) layer B2 and b) layer A3. 
 
Concerning the undrained triaxial tests, comparison between predictions and the test data is 
given in Figure 4.10 and Figure 4.11. In the first figure, the predicted and observed stress paths are 
given. In all the calibration cases, effort has been focused on predicting correctly the strength that 
results from the tests, i.e. the peak of the stress paths. However, capturing the complete stress 
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path was not possible as this would require stiffness anisotropy to be predicted by the kinematic 
hardening model. In Figure 4.11, the stiffness degradation curves in terms of undrained 
normalised Young’s modulus against axial strain are shown. During the calibration process effort 
was focused on maintaining the curves inside the established boundaries for low and high stiffness 
(latest experimental data from Hight et al., 2007, and previous established research and 
commercial data respectively). However, the calibration cases named as ‘both’, which try to 
compromise by having acceptable predictions for both triaxial and oedometer tests, resulted in 
stiffness degradation curves with generally higher stiffness for all the range of strains and a total 
response lying very close to the upper limit of the established low and high stiffness boundaries. It 
is noted that the stress paths of the experimental data that are shown in Figure 4.10 resulted in a 
stiffness degradation curve which lies inside the new boundaries (with a low initial ‘elastic’ 
plateau), as this is shown in Figure 4.11 with the grey marks representing the Hight et al. (2007) 
data.  
 
 
(a)                (b) 
Figure 4.10: Stress paths in p’-q space for the undrained triaxial tests for a) layer B2 and b) layer 
A3. 
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(a) 
 
 
(b) 
Figure 4.11: Normalised modulus decay curves for a) layer B2 and b) layer A3 (data after Hight et 
al., 2007). 
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4.6 The previous stress history results 
Simulating of the previous stress history, which involved erosion of 180 metres of overburden 
and construction of 8.2 metres of Made ground and Terrace gravel, allowed for a K0 and yield 
stress ratio (YSR) profile to be predicted based on the calibrated parameters for each one of the 
four cases. These profiles of K0 and YSR with the depth can be seen in Figures 4.12 and 4.13 
respectively. In the figures, the predictions made using the same soil model but with the old 
parameters for London clay by Grammatikopoulou (2004) are also shown. As stated previously the 
parameters for the Grammatikopoulou’s predictions were calibrated against reconstituted London 
clay samples and as such there was no difference between the properties of unit B2 and unit A3 of 
the London clay (i.e. London clay was modelled as one unit for its entire depth). By comparing 
these results with the older ones the effect of subdividing the London clay into units B and A3 is 
obvious in both profiles. In particular, a kink in the profiles of K0 and YSR is present in both profiles 
(for all four cases) at the interface of the two units. In Figure 4.12 the prediction of K0 using 
equation (Eq. 4.2) presented by Mayne & Kulhawy (1982) for overconsolidated clays subjected to 
one unloading/reloading cycle is also plotted for comparison. 
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Eq. 4.2 
 
 
Figure 4.12: K0 profiles predicted at the end of the geological history. 
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As far as the p’0/p’ is concerned, it is generally decreasing with depth with values varying 
between 4 and 2.5. These values are considerably lower than those given by Grammatikopoulou 
(2004), having a value between 2.65 to 3.4 compared to 4.5 at the WB axis level. The lower values 
of the p’0/p’ ratio can be attributed to the lower values of p’0 after simulation of the previous 
geological history. This means that the bounding surface, just before the westbound tunnel 
excavation, is much smaller in size (p’ is more or less the same for any analysis due to the same 
previous stress history). This is related to the values of the parameter ‘α’ of the model which 
controls the rate of the stiffness degradation. The values used for this new calibration are much 
smaller than the one used by Grammatikopoulou (2004) which implies that once the yield surface 
is reached, more plastic strains are allowed to occur compared to the previous analysis. The A 
hardening modulus is now smaller (A is proportional to the ‘α’ value see Table 4.4) and 
consequently the bounding surface (i.e. the dp’0/ p’0 ) decreases in size more rapidly as unloading 
takes place.  
 
 
Figure 4.13: p’0/p’ predicted at the end of the geological history. 
 
With respect to the K0 profiles resulting from the new calibration cases, it is noted that they 
predict the same shape and trend with depth as the equation proposed by Mayne & Kulhawy 
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(1982). In one of the cases (‘low both’), in particular, the K0 profiles completely coincide for the full 
depth of unit B2. However, In general, predict lower values of K0 for all the depth of the London 
clay and these values are often lower than 1. This can be considered as unrealistically low for stiff 
overconsolidated clay. After the unloading part of the previous stress history the resulting K0 
profiles gave much higher values and it is the reloading stage that is responsible for reducing K0 
values and giving the profiles shown in Figure 4.12.  
Burland et al. (1979) claimed that the distribution of K0 with depth is not unique and is very 
sensitive to stress history and a supplementary set of analyses was performed by the author to 
investigate this. In this set of analyses during the simulation of the previous geological history 
instead of constructing 8.2m of superficial material, only 6m was constructed (note that in the T5 
area only 6m of overlaying material was present (Hight et al., 2007). The two sites, T5 Heathrow 
and St. James’s Park are not identical, of course, as at the T5 site a much thicker unit B of the 
London clay layer exists. Despite this, by using the same depth of the overlying materials as 
encountered at T5 more realistic K0 values were predicted. The predicted K0 profiles resulting from 
the later analyses are shown in Figure 4.14. Also shown are measurements from the T5 drying bed 
site (Hight et al., 2007) where a gravel surcharge was present. The profiles from the analyses and 
the measured ones match at the bottom of unit B. The agreement, especially for the analyses for 
which the calibration was made both for triaxial and oedometer tests, is satisfactory. This is valid 
for almost all the depth of the London clay apart from the top of unit B where the profile from the 
analyses is affected by the construction of the top layers (and it predicts a variation with depth in 
reasonable agreement with that from the equation proposed by Mayne and Kulhawy (1982), as 
discussed above). In conclusion, it is shown with these supplementary analyses that the M2-SKH 
model can predict realistic K0 profiles comparable with field measurements, if the latter are 
available for a site and the previous geological history is modelled in the above described way. As 
such, the resulting profiles from the four calibration cases for the St. James’s Park soil profile can 
be used with confidence. Additionally, the necessity for reliable K0 field measurements has been 
highlighted, as the K0 profile varies for different London sites, and it is not advisable to use one 
from other site when numerical analysis is to be performed.  
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Figure 4.14: K0 profiles predicted at the end of a slightly different geological history (less surcharge 
applied at the top of London clay after erosion). 
 
It is important to highlight the fact that for every different calibration of the model performed, 
the modelling of the previous stress history resulted in a different K0 profile with depth. This 
implies that the previous stress history needs to be repeated each time parameters from a new 
calibration were used, as this would be the only way for the K0 and p’0/p’ profiles with depth to be 
consistent with the model parameters used.  
Finally it has to be said that the modelling of the previous stress history adopted assumed that 
swelling due to erosion has been complete prior to the deposition of the gravel. The top of the 
London clay at Westminster (personal communication with Prof. Burland) showed very little 
weathering and it seems probable that the gravel was ‘dumped’ immediately following erosion. 
The latter was numerically simulated by modelling the deposition of superficial deposits in an 
undrained manner. The K0 and p’0/p’ profiles were not affected at all by this assumption. 
 
4.7 Results of the ground movements due to the westbound tunnel excavation 
4.7.1 Surface movements 
Figure 4.15 presents the surface settlement troughs above the westbound tunnel for all the 
calibration cases examined and for the analysis of Grammatikopoulou (2004). The field data (after 
Standing and Burland, 1996) are also shown for comparison. In Table 4.8 the volume loss and the 
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percentage of unloading required to capture the desired volume loss are presented. Despite the 
large number of excavation steps (200) the volume loss for each analysis was not precisely 3.3%; 
thus the increment at which the closest volume loss to that value was selected to construct the 
lining. The volume loss, in all the analyses performed, was calculated by integrating the radial 
displacement and not by integrating the surface settlement trough. The desired volume loss was 
achieved at different unloading stages for all the analyses with the new calibration. This 
percentage is significantly lower than that of Grammatikopoulou (2004) for the same soil model. 
This implies that with the new calibration parameters (whichever set is selected) higher volume 
loss can be achieved. In Grammatikopoulou’s (2004) analysis the unloading percentage is too high 
and in some of her examined cases (with another kinematic hardening model of the same basic 
philosophy but with three surfaces) the desired volume loss was not achieved even after full 
unloading. This problem was artificially addressed by intervening during the analysis and adopting 
parameters that result in a much softer response. However for the new calibration cases this was 
not necessary and high volume loss can be achieved with small unloading percentages. The low 
values of unloading are also an indication that the soil has become soft due the modelling of the 
stress history at least in some parts of the mesh (see Section 4.7.2). Low stiffness parameters and 
parameters that focus only on matching the triaxial tests result in less unloading being needed for 
the same volume loss to be achieved.  
 
 
Figure 4.15: Surface settlement profiles of the westbound tunnel.  
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
181 
 
Table 4.8: Volume loss and percentage of unloading (before the lining construction of westbound 
tunnel) for all the calibration cases for 3.3% volume loss to be achieved. 
Analysis 
Volume loss from 
surface 
settlement (%) 
Volume loss from 
radial 
displacement (%) 
Unloading 
(%) 
low triaxial 3.43 3.39 13.5 
high triaxial 3.39 3.38 23.5 
low both 3.48 3.40 26.5 
high both 3.40 3.37 37.0 
Grammatikopoulou 
(2004) 
3.29 3.23 83 
 
Any of the new sets of parameters, adopted for the London clay, results in a much deeper 
settlement trough improving the match with the field data compared with the old calibration 
parameters that Grammatikopoulou (2004) and Grammatikopoulou et al. (2008) used. The 
maximum settlement varies from 15.4 to 18.6mm compared to the value of 20.4mm that was 
measured in the field (i.e. 8.8% to 23.5% difference). The analysis using the old calibration 
parameters gives a maximum settlement of 11.3mm. It is also noted that Grammatikopoulou et al. 
(2008), using the three kinematic surface hardening model, which is of the same ‘family’ of 
models, and by changing the parameter ‘α’ of the model in order to achieve a faster decay of the 
stiffness, just before the excavation started, had achieved a maximum settlement of 14.5mm. 
Consequently a definite improvement in terms of maximum settlement is achieved with the new 
analyses. 
Figure 4.16 shows the normalised settlement troughs for all the cases discussed herein. This 
plot allows the shape of the troughs to be compared. In fact, for the cases where the calibration is 
focused on the triaxial tests and the unloading part of the oedometer was neglected, the 
agreement with the field measurements is satisfactory. In addition to that for the two remaining 
cases, where the calibration compromised between oedometer and triaxial behaviour, the 
improvement is significant, resulting in a much narrower trough compared to the one from 
Grammatikopoulou’s analysis.  
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Figure 4.16: Normalised ground surface settlement troughs of the westbound tunnel.  
 
The horizontal surface displacement profiles are shown in Figure 4.17. The horizontal surface 
strains were measured with a micrometer stick, and the displacements determined by integrating 
a curve fitted to the strains assuming zero average strains beyond the end of the line of surface 
monitoring points at a distance of 52m (Nyren, 1998). The numerical analyses results are plotted 
by assuming zero horizontal movement at the same distance. The maximum range of the field 
measurements referring to different sets of measurements is also shown on the figure. Apart from 
the ‘high triaxial’ case the remaining analyses predict well the horizontal displacements in terms of 
magnitude (inside the range given by Nyren, 1998). The maximum horizontal displacement occurs 
between 16 and 18.5m away the tunnel centreline and compares much better with the 14m for 
the field measurements than the result from Grammatikopoulou’s analysis (20m away from the 
tunnel centreline). The numerical predictions can be considered satisfactory especially as not only 
was the fixed horizontal datum taken at only 52m away from the tunnel centreline but also the 
measured displacement profile came as a result of curve fitting which, undoubtly, allows for 
differences to arise. 
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Figure 4.17: Horizontal ground surface displacement profiles of the westbound tunnel. 
 
4.7.2 Stiffness behaviour in the short-term 
At this stage of the analysis, it is of interest to explore how different elements of the boundary 
value problem behave in terms of stiffness and whether their stiffness degradation curves can be 
justified by the assumptions of the modelling and the soil model used. It is also necessary to 
investigate how the stiffness response of elements of the boundary value problem are compared 
to single elements tests in order to confirm that their behaviour is consistent with the calibration.  
As discussed by Grammatikopoulou et al. (2008) at the end of the previous stress history the 
configuration of the kinematic surfaces can be shown by the sketch in Figure 4.18 where path AB 
represents the erosion of the overburden and path BC represents the reloading due to the 
deposition of the superficial layers.  
Due to this configuration different stiffness responses are expected for different elements of 
the mesh. This is due to the fact that different elements will be subjected to different stress paths 
due to the excavation process. In general, elements at the axis of the tunnel will experience 
undrained compression and the elements above its crown undrained extension (see Figure 4.19). 
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Figure 4.18: Configuration of ‘bubble’ after the modelling of the previous stress history (after 
Grammatikopoulou et al., 2008). 
 
 
Figure 4.19: Elements subjected to compression or extension due to excavation process (from 
Grammatikopoulou, 2004). 
 
The elements experiencing compression will continue along a similar stress path as the last 
stage of the previous stress history modelling, while the elements subjected to extension will 
experience a stress path reversal. In Figure 4.20 incremental shear stiffness [Goct=(DJ/DEd)/p’] 
normalised by mean effective stress at the beginning of the excavation (p’) is plotted against 
deviatoric strains due to tunnel excavation (solid lines). The elements experiencing extension (on 
the left hand side of the figure) show a much stiffer response than the ones experiencing 
compression (right hand side) for all the calibration cases. The stress path for elements above the 
crown, due to the stress reversal, re-enter the ‘bubble’ and high stiffness is re-invoked. This is an 
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effect of taking the modelling of the previous stress history into consideration, which re-initialises 
the stiffness only in the elements of the mesh which experience a stress path rotation such that 
the stress path passes through the ‘bubble’. This is a tremendous advantage of the use of this 
model and of modelling the previous stress history. With simpler non-linear elastic stiffness 
models the user is the one who decides which elements would experience a stress rotation and 
behave stiffer while herein this is an inherent procedure of the model.  
In Figure 4.20 results of single element tests are shown by dashed lines. These single element 
tests were performed having the same initial conditions as the respective elements in the 
boundary value problem. The single element tests modelling the elements above the crown of the 
tunnel are subjected to undrained triaxial extension while the single elements tests modelling 
those next to the tunnel axis are tested in undrained triaxial compression. The ‘bubble’ was 
centred around the current stress state for these tests and as such they initially invoke high 
stiffness for all the subsequent stress path. It is clear that the stiffness degradation curve for the 
elements of the boundary value problem that experience the stress path rotation (above the 
tunnel crown) are almost identical with the single element tests; implying that the elements of the 
boundary value problem behave according to the calibration. On the contrary, the elements next 
to the axis show a much softer response and this is the effect of taking into account the previous 
stress history as noted above. 
 
 
(a) 
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(b) 
 
(c) 
 
(d) 
Figure 4.20: Comparison of normalised stiffness-strain curves between an element of the boundary 
value problem and a respective single element run for (a) ‘low triaxial’, (b) ‘high triaxial’, (c) ‘low 
both’ and (d) ‘high both’ calibration cases. 
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The predicted settlement troughs of the four cases shown in Figure 4.15 reveal that the depth 
and width of the troughs is not particularly affected by whether in the calibration of the London 
clay a high or a low initial stiffness was assumed but are related to how steeply the stiffness 
degrades. Additionally a more straight forward relation with the K0 prior to the tunnel excavation 
can be recognised. However, by moving from the stiffness response of single elements to the 
greater picture of stiffness response of the whole mesh it will be possible to identify where the 
movement due to the excavation process is concentrated.  
Contours of incremental shear stiffness (Goct= dJ/dEd) for the solution increment at which the 
desired volume loss was achieved for the ‘low triaxial’ and ‘low both’ cases (which for this set of 
analysis and due to the fact that a large number of increments for the excavation were used, are 
representative of the tangent shear stiffness) are shown in Figure 4.21. It can be seen that the 
major changes in shear stiffness exist within a trapezoidal shaped prism of soil formed by shear 
bands at 45⁰ above the tunnel, for both cases. The area outside these bands is more or less 
unaffected (contours almost horizontal), implying that the stiffness degradation happens in this 
prism and so does the related movement. This is because the change of the stiffness is strain 
dependent. In addition the contours indicate that the soil inside this prism is softer for the ‘low 
triaxial’ case (with steeper stiffness degradation) and this justifies the bigger settlement recorded 
for that case. The situation is the same if a comparison is made for the remaining two cases. 
 
 
Figure 4.21: Contours of incremental shear stiffness at the increment of desired volume loss 
achieved for a) ‘low triaxial’ and b) ‘low both’. 
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As revealed by the plots in Figure 4.21 inside this trapezoidal prism, the soil very close to the 
tunnel experiences approximately the same stiffness while the soil, which is far away from the 
tunnel, shows a different stiffness response for each calibration case. In Figure 4.22 incremental 
shear stiffness against deviatoric strain (due to tunnel excavation) is plotted for all the calibration 
cases for two elements of the mesh. The thin lines show the stiffness degradation for an element 
just above the crown of the tunnel (1.68 m above) while the bold lines show the stiffness 
degradation for an element far away above the tunnel crown (14.4m above). It can be noted that 
for the element which is close to the tunnel the stiffness degrades immediately once the 
excavation starts and for all the cases it drops to approximately the same value (2000 to 4000kPa) 
at the end of the excavation procedure experiencing the same deviatoric strain. On the other 
hand, the element that is further above it initially behaves elastically (no change of the 
incremental shear stiffness) for different amounts of deviatoric strain for each calibration case, 
and then the stiffness starts to degrade. As a result, at the strain range where the desired volume 
loss was achieved, different stiffnesses are mobilized. This reveals that the difference between the 
four calibration cases in terms of settlement troughs can be partly attributed to the difference in 
stiffness of elements which are further away from the tunnel (but inside the above mentioned 
prism). The further the element is away from the tunnel the bigger the difference in stiffness 
between the four cases. The stiffness behaviour of these elements is related to the magnitude of 
the maximum surface settlement. Bigger settlements are captured for the cases where the loss of 
stiffness is greater and the initial elastic region is larger.  
 
 
Figure 4.22: Incremental shear stiffness against deviatoric strain due to tunnel excavation for 
elements close and far away from the tunnel crown for all the calibration cases. 
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4.7.3 Subsurface movements 
It is of particular importance for a numerical analysis to be able to predict not only ground 
surface movements but also subsurface movements due to a tunnel excavation. Herein both 
vertical and horizontal subsurface predicted movements are compared with field data  
Figure 4.23 presents the profiles of vertical displacements with depth along vertical lines which 
lie directly above and at a distance of 4m from the centreline of the WB tunnel (towards west or 
east). The field measurements (obtained from extensometers at the same locations Ax, Bx and Cx; 
Nyren, 1998) and the results from an analysis with the parameters from the old calibration of 
Grammatikopoulou (2004) are also shown in the same figure. As shown by Grammatikopoulou 
(2004) the model is able to predict the trend of the measured movements showing an increase of 
the predicted vertical movement with depth up to the tunnel crown level. It can be seen that the 
numerical analysis results, using the new calibration parameters, improve the comparison with the 
field measurements compared to the old calibration. All four cases are able to capture the 
maximum movement which is at the deepest end of the extensometers, very close to the tunnel’s 
crown. This can be attributed, as noted above, to the fact that the soil stiffness close to the tunnel 
drops to almost the same values for all the examined cases and as such the soil behaviour does 
not differ significantly between each of the cases. Furthermore, when the calibration is based on 
both the triaxial and oedometer test results the analyses predict less vertical displacement near to 
the ground surface and give a distribution which slightly underpredicts the vertical movements 
compared to the field measurements (although the underprediction is less than obtained with the 
old calibration). On the contrary, the agreement between prediction and field measurement is 
excellent when the ‘low triaxial’ parameters are used; while if the ‘high triaxial’ parameters are 
used, the numerical results, slightly, overpredict the field measurements. 
Another important feature of the numerical predictions is that, for all calibration cases, heave is 
predicted for the soil below the tunnel invert. The vertical movements only become negligible 
(practically zero) at a distance of 5 to 6 times the radius of the tunnel (around 50m below ground 
level). This is corroborated by the St. James’s Park’s field measurements when analysed using 
different deep datum points. The fact that the excavation provokes movements to depths greater 
than the deepest anchor in the near vicinity of tunnel highlights the importance of selecting an 
appropriate datum for field measurements of ground response due to tunnelling.  
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A  
Figure 4.23: Distribution of vertical movements with depth due to westbound excavation at a) 4m 
west, b) directly above and c) 4m east from the Westbound tunnel axis. 
 
Series of electrolevel inclinometers (Nyren, 1998) were installed within inclinometer boreholes 
as part of the intense monitoring of the St. James’s site. Figure 4.24 shows the horizontal 
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displacements along the line Cx (4m to the east of the westbound tunnel axis). The distributions 
predicted by the numerical analysis, were tied to the same absolute reference as the measured 
ones which for this location is at 41m below the ground surface. This is why some horizontal 
movement is predicted towards the bottom of the mesh. Despite the poor agreement over the 
first 20m, the numerical results compare quite well with the field measurements below this level 
and over the axis of the tunnel (30.5m). It is noted that the field measurements over the first 20m 
below ground surface show (unrealistic) movement of the ground away from the tunnel. 
Moreover, as described by Nyren (1998) because the electrolevels measure tilt at discrete points, 
significant errors arise during processing the measured data if the displacement gradient changes 
rapidly between adjacent instruments. In addition to extrapolating measured tilts over large gauge 
lengths can produce spiked profiles. This is the situation at around 30.5m where in the field 
measurements a spike is captured. Due to the large gauge length (at this depth) this discrete value 
can represent displacements either larger or smaller over that gauge length and this is believed to 
be the reason for the lack of agreement between predicted and measured maximum 
displacement. The differences between the different calibration cases were indistinguishable but 
the improvement compared to Grammatikopoulou’s analysis is clear. 
 
 
Figure 4.24: Distribution of horizontal movements with depth due to westbound excavation at 
position Cx (see Figure 4.23). 
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4.7.4 The effect of neglecting the previous stress history 
As discussed in Section 4.3 the previous stress history can be partly erased in the ‘bubble’ type 
models at any point of the analysis by centring the ‘bubble’ around the current stress state. Two of 
the basic calibration cases, ‘low triaxial’ and ‘low both’, were selected to check this effect. Only the 
tunnel excavation part of each analysis was repeated with the initial stresses and the size of the 
bounding surface prior to the beginning of the excavation prescribed to be the same as the ones 
resulting from the modelling of the previous stress history. The tunnel excavation was performed 
again with a volume loss of 3.3% while the percentage of unloading, that was required to achieve 
this, was higher (compared to the original cases) having values of 22% and 26% for the ‘centred 
low triaxial’ and ‘centred low both’ case respectively. In Figure 4.25 the grey lines show the 
predicted ground surface settlement trough for this new analysis. It is noted that for both 
calibration cases centring the ‘bubble’ and partly erasing the effect of the previous stress history 
(in the sense that any further loading would result in the same initial stiffness response) made the 
troughs shallower and wider. This change in behaviour is attributed to the different stiffness 
response as the K0 profile prior to tunnel excavation was the same for the ‘centred’ and ‘non-
centred’ cases. 
 
 
Figure 4.25: Surface settlement profiles of the westbound tunnel with centred and not centred 
‘bubbles’. 
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In Figure 4.26 the incremental shear stiffness against deviatoric strain due to tunnel excavation 
for elements 41, 89 and 411 (just above the crown, next to the axis and 14m above the crown of 
the WB tunnel respectively), are plotted for both cases (named as centred and non-centred) for 
the ‘low triaxial’ calibration case. It is observed that for the elements that are close to the tunnel, 
neglecting the previous stress history made the response of the soil stiffer over the whole 
excavation process. Especially for the element next to the tunnel which is subjected to 
compression and does not experience a stress path rotation the difference is much more 
pronounced. As far as element 411 is concerned, which is further above the tunnel’s crown,  
considering the previous stress history gives a stiffer response in the strain range up to 10-4, which 
is a result of the stress path rotation that it experiences and as such the whole length of the 
bubble has to be ‘travelled’ by the stress path resulting in an elastic response for a larger amount 
of strains. However, as tunnel excavation was carried out, the analyses accounting for the previous 
stress history gave, ultimately, a softer response.  
 
 
Figure 4.26: Incremental shear stiffness against deviatoric strain for centred and non-centred 
‘bubble’ for (a) element 41, (b) element 89 and (c) element 411.  
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The different stiffness response of the soil when the previous stress history is taken into 
account or neglected is the only reason for the different movements predicted by the two 
analyses. Since the analyses accounting for the previous stress history result in more realistic 
movements for the new calibration cases, compared to analysis in which the effect is partly 
erased, the modelling of the previous stress history has proven to be important for predicting 
more realistic soil movements due to tunnelling. 
 
4.7.5 The effect of the coefficient ‘α’ of the hardening term on the short-term response 
As discussed in the previous sections the stiffness response of the soil seems to have a 
significant influence on the soil movements due to tunnelling. In order to investigate further the 
effect of the stiffness degradation curves, a parametric analysis has been performed based on the 
properties of the two cases that predict high elastic stiffness (called ‘high’) varying the parameter 
‘α’ of the soil model. The ‘high’ cases were selected as the only parameter of the model that 
distinguishes them is the coefficient ‘α’ of the hardening term. ‘α’ controls the rate of the stiffness 
degradation after the elastic range. A single element undrained triaxial test was performed varying 
this parameter from 1.2 to 2.5. The variation of stiffness with strain is plotted in Figure 4.27 for 
four cases. The higher the ‘α’ value is, the less steep the degradation and the stiffer is the 
response over the entire non-elastic strain.  
 
 
Figure 4.27: Stiffness degradation curves with different ‘α’ values for unit B2. 
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The previous stress history was then repeated for all the four cases and the variation of K0 with 
depth is plotted in Figure 4.28 for all of them. It is apparent that the parameter ‘α’ is controlling 
this variation with depth. The higher its value, the higher is the resulting K0. It is remarkable that 
only a small change of ‘α’ results in a significant change of the K0 profile, which implies that this 
parameter actually controls the initial conditions prior to tunnel excavation.  
 
 
Figure 4.28: Variation of K0 with depth for different values of parameter ‘α’. 
 
Figure 4.29 shows the predicted ground settlement troughs for the four cases (with the effect 
of previous stress history taken into consideration). As expected (since different ‘α’ values result in 
different K0 profiles) that variation of ‘α’ affects both the width and depth of the settlement 
troughs. The lower the value of ‘α’ the deeper and narrower the settlement trough becomes. In 
conclusion, this parametric analysis indicates that the movements predicted, when this model is 
used, are very sensitive to the parameter which controls how fast the stiffness degrades, as this 
parameter is directly related to the K0 profile. Moreover, this parametric study shows how 
important it is for the user of a kinematic hardening model, like M2-SKH, to use a K0 profile which 
is consistent with the model parameters chosen in the calibration. 
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Figure 4.29: Surface settlement troughs due to WB excavation for various values of parameter ‘α’. 
 
Supplementary to the above parametric analysis one more analysis was performed in order to 
isolate completely the effect of the parameter ‘α’ on the predicted ground settlement trough due 
to tunnel excavation and distinguish it from its effect on K0. After modelling the previous stress 
history using the ‘high triaxial’ calibration, the parameter ‘α’ of the model was replaced with the 
value corresponding to the ‘high both’ calibration (‘α’ changed from 1.2 to 2.0). The ‘high triaxial’ 
and ‘high both’ cases differ only in the value of the parameter ‘α’ and consequently ‘high triaxial’ 
predicts a more abrupt change of the stiffness with increasing strain level. By performing this 
change into the value of ‘α’, the excavation procedure in the new analysis named as ‘high both 
from high triaxial’ in Figure 4.30 has exactly the same initial conditions as the ‘high triaxial’ one 
(same K0 profile). As such, any difference between these two analyses in terms of the ground 
settlement trough can solely be attributed to the effect of ‘α’ (how steeply the stiffness degrades). 
In fact, the settlement trough of this analysis lies in between the ‘high triaxial’ and ‘high both’ 
ones. It can be argued, as shown graphically in Figure 4.30, that the difference of the new analysis 
from the ‘high triaxial’ reflects the effect of ‘α’ on the predicted movements and the difference 
between the new analysis and the ‘high both’ case reflects the effect of ‘α’ on K0 and subsequently 
the settlement trough. It is clear that not only does the K0 affect the width and depth of a 
settlement trough in stiff overconsolidated clays (a well-known fact) but also the way the 
constitutive model predicts the stiffness change with strain also plays an important role. 
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Figure 4.30: Predicted settlement troughs for cases where the effect of parameter ‘α’ on the 
settlement trough is isolated. 
 
4.8 Long-term settlements after tunnel excavation 
4.8.1 Introduction and field instrumentation 
As discussed in Chapter 2 (literature review) tunnelling not only induces short-term soil 
movements but also long-term ones. In particular, in low permeability soils (like London clay) the 
ground surface keeps moving for a long period of time. This has been attributed (Harris, 2002 and 
Mair, 2008) to the fact that the tunnel induces a new hydraulic boundary condition to the site. For 
permeable tunnels (this is the case often assumed for tunnels in London clay when no particular 
water-proofing method had been applied during construction) the excess pore water pressures, 
produced during their construction, equilibrate in the long-term due to the consolidation process, 
which ultimately leads to a new steady-state flow condition (Mair, 2008). As a result the ground 
surface settlement will continuously increase until the new steady state is achieved.  
Long-term field measurements are rare in London clay (see Chapter 2) but they do exist and 
show generally wider and much deeper ground surface settlement troughs. The magnitude of the 
soil movement in the long term is influenced not only by the permeability of the lining but also by 
the amount and distribution of excess pore water pressures due to its construction and the soil 
permeability and compressibility characteristics (Mair & Taylor, 1997). In general, they are not 
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likely to damage further the existing structures as they do not impose large differential 
settlements. However, they are very important when multiple tunnels are constructed in the same 
area as the time-dependent soil movements due the construction of an earlier tunnel will affect 
the soil movements due to the later one (Mair, 2008). Moreover, in terms of numerical analysis, 
prediction of long-term movements (in conjunction with the short-term ones) in good agreement 
with field measurements results in improved confidence that the modelling of the site and the 
calibration of the models used in the analysis are reliable. 
Figure 4.31 shows the extensive monitoring system for ground movement measurement 
installed at the St. James’s Park site. Despite the fact that surface monitoring points and 
electrolevel inclinometers were removed in 1999, measurements of ground vertical displacements 
at rod extensometers are still taking place (under the supervision of Dr. Jamie Standing, Imperial 
College London) providing probably the most comprehensive field data for long-term movements 
in London clay due to tunnelling.  
The long-term field measurements are discussed in the following sections. Profiles of vertical 
movement along a horizontal line 5m below ground level were measured by rod extensometers 
and will be compared with the predictions. For all the calibration cases the settlements will be 
shown for the following time, since the WB construction: 
a) after WB construction (shown just for reference); 
b) prior to EB construction (8months after WB); 
c) after the EB construction; 
d) one year after the construction of both tunnels (01/03/1997); 
e) ten years after the construction of both tunnels (01/08/2006); 
f) fifteen years after the construction of both tunnels (06/08/2011) and 
g) finally a prediction at the end of the consolidation period based on the numerical analysis.  
The evolution with time of ground surface settlements at top (reference head level) of all the 
extensometers A to K will be presented in the following sections. In practice measurements at this 
level cannot be made reliably because of effects such as seasonal changes and trees. It is noted 
that all the field measurements are related to the bottom of borehole D assuming that this point 
(40m below ground level) is not moving. To be consistent the numerical analysis results shown 
herein have also been calculated with the same assumption. 
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Figure 4.31: Section showing the position of rod extensometers and other subsurface 
instrumentation (Nyren, 1998). 
 
4.8.2 Permeability profile 
All of the four cases for which the results of the short term were presented in Section 4.7 were 
extended to the longterm and analyses were performed assuming different permeability models. 
The first model is an anisotropic permeability model where the horizontal permeability is twice as 
large as the vertical one (but the profiles remain unchanged during the whole analysis) and the 
second model is a variable permeability model. The variable permeability model links the isotropic 
permeability (k) at each point of the mesh with the mean effective stress (p’) according to the non-
linear relationship proposed by Vaughan (1989): 
'
0
bpk k e  
Eq. 4.3 
where k0 is the initial permeability and b is a parameter that has dimensions m
2/kN. 
 
Table 4.9 summarises the parameters for the two permeability models used and the profiles are 
shown in Figure 4.32. The profiles assumed are in agreement with the range of typical 
permeabilities for London clay measured at different sites and summarized by Hight et al. (2007) 
(also superimposed on Figure 4.32). 
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Table 4.9: Permeability profiles assumed for the anisotropic permeability model when (a) a more 
permeable upper part for unit A3 is not considered, (b) a more permeable top of unit A3 is 
considered and (c) k0 and b parameters for the variable permeability model.  
(a)        (b) 
 
kv                    
(10-10m/s) 
kh                
(10-10m/s) 
 
 
kv                 
(10-10m/s) 
kh                
(10-10m/s) 
 
top of unit B 2.35 4.7 
 
top of unit B 2.35 4.7 
bottom of unit B 1.5 3 
 
bottom of unit B 1.5 3 
top of unit A3 1.5 3 
 
top 5m of unit A3 3 6/75/300 
bottom of unit A3 0.25 0.5 
 
5m below top of unitA3 1.35 2.7 
    
bottom of unit A3 0.25 0.5 
       (c) 
 
unit B2 unit A3 
 
k0 (10
-10m/s) b (m2/kN) k0 (10
-10m/s) b (m2/kN) 
low triaxial 4.76 0.0036 7.95 0.0060 
high triaxial 4.74 0.0036 7.14 0.0056 
low both 4.51 0.0029 9.22 0.0058 
high both 4.43 0.0029 7.68 0.0053 
 
 
Figure 4.32: Profiles of vertical, horizontal (for the anisotropic permeability model) and of initial 
permeability (for the variable permeability model) (field data after Hight et al., 2007). 
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A series of analysis with a slightly altered permeability profile has also been carried out. 
According to Standing & Burland (2006) water strikes occurred in all the boreholes on the site in 
the top 5-6 meters of unit A3 of London clay. At this depth, higher concentrations of sandy and 
silty partings were encountered and this indicates that this ‘sub-layer’ has a high permeability. This 
sub-layer, denoted A3II by them, is consistent throughout the London clay deposit. In order to take 
this into account the anisotropic permeability model was used. The profile of the permeability was 
kept constant for the remaining depth of London clay and the vertical permeability for this ‘sub-
layer’ was increased to 3*10-10 m/s. The degree of anisotropy of the permeability (how much 
larger is the horizontal compared to the vertical permeability) of this sub-layer was examined 
assuming it to be 2, 25 and 100. In Table 4.9 the horizontal and vertical permeabilities used when 
this ‘sub-layer’ has been considered can be found and the resulting permeability profiles are 
shown in Figure 4.33. 
 
 
Figure 4.33: Profiles of vertical and horizontal permeability with depth used for the investigation of 
the highly permeable sandy top of unit A3 (field data after Hight et al., 2007). 
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4.8.3 Subsurface vertical movements for the four basic calibration cases  
The profile of vertical movements 5m below ground surface are shown in this section for the 
four calibration cases and the two permeability models used (anisotropic and variable, see Figure 
4.32) and are compared with the field data from the rod extensometers. 
In Figure 4.34 the vertical movements prior to (235 days after the WB tunnel construction) and 
immediatly after the EB tunnel construction are plotted. In all the graphs the field measurements 
are shown with discrete points while the numerical predictions using the anisotropic permeability 
model and the variable permeability model are shown with black colloured lines and grey 
respectively (a different type of line is used for different time periods). 
Prior to the construction of the EB tunnel it is noted that: 
a.  for all the calibration cases, the shape of the vertical movement profile is well predicted having 
its maximum movement just above the WB tunnel axis, 
b. for the calibrations based on the triaxial tests only (‘low triaxial’ and ‘high triaxial’), the vertical 
movements are over-predicted for both permeability models while  
c. for the remaining two calibration cases (‘low both’ and ‘high both’), the comparison with the 
field data is satisfactory for both permeability cases. 
After the construction of the EB tunnel the maximum settlement occurs closer to the EB tunnel 
axis (5m towards the west from the EB tunnel axis) reflecting the disturbance of the ground in 
between the two tunnels due to the excavation of the WB tunnel. As far as the numerical 
predictions are concerned, the following points are noted. 
a. The predictions of the ‘triaxial’ based cases do not manage to predict either the shape or the 
magnitude of the vertical movements, having their maximum settlement closer to the WB axis 
and over-predicting the movements in between the two tunnels. 
b. The ‘low both’ cases predict well the shape of the movement profiles predicting larger 
movements closer to the second tunnel. The agreement in terms of maximum settlement is 
satisfactory when the variable permeability model is used but the anisotropic permeability 
model tends to over-predict them. 
c. The ‘high both’ case results in a much flatter plateau in between the two tunnels but there is a 
good agreement in terms of magnitude with both permeability cases examined. 
d. There is a discrepancy with the field measurements for all the cases east of the EB tunnel axis 
with the numerical predictions giving much steeper ‘troughs’, not extending eastwards as much 
as the measurements. 
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(a)        (b) 
 
 
Figure 4.34: Settlement profiles for (a) low triaxial, (b) high triaxial, (c) low both and (d) high both 
calibration cases and for both permeability models prior to and after the eastbound tunnel 
construction.  
 
Figure 4.35 summarizes the field measurements and the numerical predictions for the longer 
term showing the subsurface vertical movements for 1997, 2006 and 2011. It can be seen that the 
numerical predictions for all the calibration cases and for both permeability models predict well 
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the change in the shape of the ‘troughs’, in between the axis of the two tunnels for all the time 
periods shown herein. However, they cosiderably under-predict the movements outside this area 
resulting in much shallower profiles east of the EB axis. A comparison between the two 
permeability models used shows that when the variable one is used, the profiles are shallower for 
all the calibration cases indicating a much slower consolidation process as the permeability varies 
with p’ which depends on how fast the excess pore water pressures are equilibrating. Concerning 
the magnitude of the predicted settlements between the axis of the two tunnels: 
a. for the ‘low triaxial’ and ‘high triaxial’ cases with the anisotropic permeability model the 
settlement is over-predicted while the variable permeability model gives predictions close to 
the field data; 
b. for the ‘low both’ case the predictions are not in a good agreement with the field 
measurements with both permeability models and ; 
c. for the ‘high both’ case the predictions under-estimate the field measurements for all the time 
periods checked herein. 
It can be argued that the ‘high both’ case is the more promising one as it can capture the 
change in the shape of the ‘troughs’, in between the two tunnels axes, for all the time periods. The 
fact that it under-predicts the magnitude of the movement may indicate that the permeability 
used is too low. However, the problem with the width of the ‘trough’ outside the area in between 
the two tunnels axis has to be resolved. The remaining cases are not satisfactory. The ‘triaxial’ 
ones do not manage to predict the shape change for all the time periods and as such the fact that 
when the variable permeability model is used the ‘low triaxial’ case predicts well the long-term 
movements is judged to be fortuitous. Needless to say, for the anisotropic permeability model, 
they over-predict systematically the movements. Finally, the ‘low both’ case is not satisfactory as 
it over or under-predicts the movements depending on the time period, which implies that the 
rate of consolidation is not representative of the one encountered in the field. 
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(a)        (b) 
 
Figure 4.35: Settlement profiles for (a) low triaxial, (b) high triaxial, (c) low both and (d) high both 
calibration cases and for both permeability models at 03/1997, 08/2006 and 08/2011. 
 
4.8.4 Parametric analysis for the highly permeable top of unit A3 
As discussed on Section 4.8.2, the top 5m of unit A3 has a much higher permeability than the 
lower part of the unit and its permeability must be highly anisotropic (i.e. the horizontal 
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component must be higher than the vertical one) due to the high concentrations of sandy and silty 
partings (Standing & Burland, 2006). It was suggested by Dr. Standing and Prof. Burland (personal 
communications) that neglecting to model this sub-layer might be the reason for not accurately 
predicting the movements outside the area defined by the axis of the two tunnels, making the 
predictions too narrow compared with the field measurements. Besides Mair (2008) reported 
results from a parametric numerical study where the degree of the anisotropy of the permeability 
was varied and suggested that by increasing the anisotropy the width of the troughs increases in 
the long term. Based on these indications, a parametric analysis varying the degree of anisotropy 
of the permeability in this A3II sub-layer was undertaken using permeability profiles as indicated in 
Figure 4.33. This sub-layer is modelled as a 5m thick layer at the top of layer A3 and it turns out 
that it includes the bottom half of the EB tunnel. The ‘high both’ case was taken as the base case 
for this study as it was the one that gave the most promising results in terms of change in the 
shape of the vertical movements with time and it predicts the least amount of settlement, 
suggesting that due to the increase of the permeability this will probably end up predicting 
settlements closer to the measured ones. In Figure 4.36 the predictions for the three different 
analyses with varying the degree of the anisotropy of the permeability of the top of the A3 unit are 
plotted together with the field measurements. 
 
 
(a) 
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
207 
 
(b) 
 
(c) 
 
Figure 4.36: Profiles of vertical movement 5m below ground surface when the more permeable top 
of unit A3 is modelled with the degree of anisotropy of permeability of this sub-layer being (a) 2, 
(b) 25 and (c) 100. 
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It is observed that taking into account the presence of this sub-layer changed the profiles of the 
vertical movements in the longer term (i.e after the construction of the EB tunnel) resulting in 
higher maximum settlement than before (when this sub-layer was not modelled). Moreover up to 
the construction of the EB tunnel the change of the predictions are negligible, and the predictions 
are satisfactory. For the longer term the higher the degree of the permeability anisotropy, the 
wider the predicted trough becomes. This is illustrated in Figure 4.37, where the improvement 
compared to the original permeability profile is apparent. However it is noted that when the 
degree of permeability anisotropy increased from 2 to 25 the improvement is much larger 
compared with when it was increased from 25 to 100. In addition, when the degree of 
permeability anisotropy is increased the consolidation process is more rapid and results in over-
estimation of long-term movements (1997, 2006 and 2011) for the case where the permeability 
anisotropy increased to 100. It can be argued that the best estimate of long-term movements is 
given for the case where the degree of anisotropy at the top of unit A3 is 25 as not only does it 
predict well the change of shape of the trough and the magnitude of settlement for all the time 
periods considered but it also widens the trough outside the area between the axis of the two 
tunnels.  
 
 
Figure 4.37: Normalised settlement troughs for different degree of permeability anisotropy in the 
top 5m of unit A3 of London clay for the predictions on the 06/08/2011. 
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At the last available measurement (2011), the consolidation period at St. James’ Park site is 
towards its end and as such the remaining settlement is less than 5-10% (depending on the case 
examined) of what the site has already experienced (in Figure 4.36 the prediction at the end of the 
consolidation is very close to the one at 2011). This is also indicated by the pore water pressure 
distribution along a vertical line in the middle of the mesh. Figure 4.38 shows that the distributions 
with depth of pore water pressures in 2011 and 80 years after (end of consolidation period), when 
no changes are predicted in the numerical model (and the settlement has already become stable), 
are very close. In addition, the fact that this highly anisotropic sub-layer is present results in a drop 
of the pore water pressure over all of its depth. While the difference in magnitude of this drop is 
significant from the 2 to 25 cases, it does not seem to change much between the 25 and 100 cases 
indicating that there is an upper limit of the degree of the permeability anisotropy that affects the 
results (above this only the duration and the speed of the consolidation process changes).  
 
 
(a)      (b)     (c) 
Figure 4.38: Pore water pressure distribution along a vertical line midway between the axis of the 
two tunnels for different time periods and for different degree of the anisotropy of the permeability 
of the sub-layer at the top of unit A3 (a) 2, (b) 25 and (c) 100. 
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The importance of modelling this highly anisotropic (in terms of permeability) A3II sub-layer is 
apparent as it improved the predicted vertical movement profile moving it towards the field 
measurements. The presence of this layer has a significant effect on the results as it passes 
through part of the eastbound tunnel which is fully permeable once constructed. This means that 
since the tunnel’s perimeter imposes a new hydraulic boundary which allows the pore water 
pressures near the tunnel to equilibrate to the new steady state, taking account of this sub-layer 
affects the direction of the water movement (and as such the direction of the soil movement due 
to consolidation). In fact, due to the high horizontal permeability of this layer the water moves 
almost horizontally inside it and allows the pore water pressures to reduce for a substantial 
distance away from the tunnel and this makes the vertical movement profile flatter as it is 
illustrated with the accumulated flow vectors in Figure 4.39. 
 
 
Figure 4.39: Accumulated flow vectors for the case of horizontal permeability being 25 times the 
vertical for the end of the consolidation period. 
 
The fact that this layer allows the water to move freely in the horizontal direction raises some 
questions concerning how the lateral boundary of the finite element mesh may affect the 
predictions. In Figure 4.40 the pore water pressure distribution from the springline of the EB 
tunnel to the edge of the mesh is plotted for the two cases, where the degree of the permeability 
anisotropy is 2 and 25, for the increments just after the construction of the EB tunnel and at the 
end of the consolidation process. 
For the first case, the degree of anisotropy of permeability being just 2, the extent of the mesh 
does not affect the distribution allowing the pore water pressures to dissipate from the initial 
profile to the final one. On the contrary, for the analysis with the anisotropy of permeability of 25, 
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the fact that the pore water pressure along the horizontal line extending from the axis of the EB 
tunnel towards the edge of the mesh is more or less a straight line connecting the prescribed 
values of zero at the edge of the tunnel and the hydrostatic value at the edge of the mesh 
indicates that this profile is more or less predefined by the values of its boundaries and it does not 
necessarily reproduce what happens in the field. 
 
 
Figure 4.40: Pore water pressure dissipation on a horizontal line extended from the axis of the EB 
tunnel towards the edge of the mesh. 
 
In order to assess this potential inconsistency, two additional analyses were performed. 
1. In the first, the extent of this sub-layer was reduced so that it ended 50m from each of the 
vertical mesh boundaries. The soil in the two 50m edge zones was assumed to have the same 
permeability as in the original analysis. This was believed to be a way of preventing water 
from coming into the mesh from the boundaries (as close to the boundary we now have less 
permeable material) as nothing in the field indicates that water flowing from this layer into 
the tunnel is replenished. It appears to be a sandwiched layer between more impermeable 
materials.  
2. In the second, the position of the vertical boundaries of the mesh was changed. The mesh 
boundary was, now, placed 200m away from where it was by adding a series of new elements.  
The pore water pressure distribution for these two cases is shown in Figure 4.41. The first 
approach has little impact, with the pore water pressure distribution in the long term being more 
or less the same as in the original analysis. For the second approach, it can be seen that the 
distribution of pore water pressure reaches a steady state for a well-established length of the 
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mesh and as such it can be claimed that the vertical boundaries of the mesh also do not affect the 
evolution of the vertical displacements.  
 
 
Figure 4.41: Pore water pressure distribution at a horizontal line at the axis of the EB tunnel for a 
degree of anisotropy of permeability of 25 (for the top of unit A3) for the original mesh, the 
extended mesh and the case where this sub-layer is not continuous across the mesh. 
 
Despite the fact that the second approach resulted in a more realistic pore water pressure 
distribution, the improvement in the horizontal extent of the vertical movements is negligible as 
seen on Figure 4.42. As such, at least for this particular case and since the new large mesh was 
demanding in terms of computational resources, its use is not recommended.  
 
 
Figure 4.42: Normalised settlement troughs for original and extended mesh for a degree of 
permeability anisotropy in the top 5m of unit A3 of 25 on the 06/08/2011. 
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The analysis based on the ‘high both’ calibration and with a degree of anisotropy in the top part 
of unit A3 of 25 resulted in the most realistic predictions of the long-term movements and 
therefore some additional plots will be shown for this case. In Figure 4.43 the surface settlement is 
plotted against time after construction of the EB tunnel, for positions that correspond to the 
ground level positions of extensometers (A-K), which are shown in Figure 4.31. The evolution of 
settlement predicted is in good agreement with the field data for the extensometers A to H. The 
numerical predictions show that the settlement evolves at the same rate for the first one year 
after construction of the EB tunnel while later it is marginally accelerated resulting in a slight over-
estimation of the soil movements. It should be noted that in some cases, like at the position of 
extensometer F (just above the EB tunnel axis) the numerical predictions are identical with the 
field measurements indicating satisfactory behaviour of the numerical model. As far as the 
extensometers I to K are concerned, the predicted surface movements are in excellent agreement 
for the first 3 years after the EB tunnel construction while the agreement is lost afterwards with 
much larger movements measured in the field (resulting in wider troughs as discussed above).  
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Figure 4.43: Surface settlement against time for the top of all the rod extensometers. 
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The settlements stabilise after approximately 40 years after the construction of the EB tunnel 
indicating that sufficient time was allowed in the numerical model for consolidation to finish and 
all the excess pore water pressures to equilibrate with the new hydraulic boundary conditions. The 
fact that the soil movements predicted are in good agreement with the measured ones indicates 
that the permeability profile assumed must be very close to that existing in the field, while the 
faster development of the settlements is an indication that the tunnel boundary may not be 
completely permeable. It is believed that accounting for the real lining permeability would 
improve this aspect of the predictions. However, since no reliable measurements for the lining 
permeability are available this could not be performed. 
Finally in Figure 4.44 the vertical movements with depth (up to 40m), predicted by the same 
analysis as discussed above, at the positions of the extensometers for different time periods are 
shown. The inclination of the profiles changes with depth and depends on the relative position of 
the extensometer compared with the tunnel axes and the permeability for each depth. It is also 
clear that the rate of consolidation is higher at the beginning and reduces as time passes. Lastly, it 
is again shown that the vertical soil movements do not differ from their final equilibrated values 
indicating that only very small further movements are to be expected in the St. James’s Park site.  
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
217 
 
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
218 
 
Figure 4.44: Profile of predicted vertical movements with depth for the positions of all the 
extensometers. 
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4.9 Final remarks and conclusions 
The series of analyses presented in this chapter explored in a detailed way the effectiveness of 
the modified two surface kinematic hardening model predicting ground response to tunnelling by 
using the example of the St. James’s Park case study. Emphasis was given on calibrating the model 
against real soil data. The numerical predictions were compared with field data. The comparison 
involved surface and subsurface soil movements both in the short and long term. The conclusions 
of the chapter can be summarised as follows: 
I. Calibration of the model 
 The model cannot predict accurately results from both oedometer and undrained triaxial 
tests using the same parameters. The user has to compromise between the unloading part 
of an oedometer test and the stiffness degradation curve of the triaxial test. 
II. Modelling of the previous stress history 
 Modelling of the previous stress history is sensitive to the assumptions made regarding the 
initial eroded and the final overburden material. 
 Modelling the previous stress history with the M2-SKH model generally predicts low values 
of K0 and yield stress ratio. 
 The parameter ‘α’ of the model, which controls how fast the stiffness degrades, is the main 
parameter which affects the K0 profile resulting from the modelling of the previous stress 
history (the higher the ‘α’ value the higher the K0). 
 The K0 and the YSR profiles prior to modelling a tunnelling problem have to be consistent 
with the parameters of the model as these were calibrated, especially when the user models 
the previous stress history. Different calibrations resulted in different profiles of K0 and YSR.  
III. Short-term response 
 The short-term soil movements (vertical and horizontal) do not seem to be controlled by the 
initial elastic stiffness if the previous stress history is taken into account. 
 The short-term response is controlled by how the stiffness changes with strain (i.e how fast 
the stiffness degrades) implying that the shearing behaviour controls the short-term 
response.  
IV. Long-term response 
 The compression behaviour dictates the long term soil movements.  
 A realistic permeability profile must be used for accurate long-term predictions. 
CHAPTER 4: THE CASE STUDY OF ST. JAMES’S PARK 
220 
 Considering sub-layers of higher permeability and with a high degree of anisotropy of 
permeability results in a wider settlement trough. 
 The consolidation movements due to the excavation of the WB and EB tunnels seem to be 
coming to an end at the time of writing this thesis. The analyses indicate that any further 
settlements will be approximately 5% of the soil movements that have been experienced to 
date. 
Much experience was gained throughout the completion of this chapter. This included the 
thorough understanding of the behaviour of the kinematic two surface model in single element 
tests, in a tunnelling boundary value problem (with different aspects been modelled such as the 
previous stress history, the short-term response and the long-term response) and the confidence 
gained by the comprehensive comparison of the numerical predictions with field data. The above 
is an integral part of this research and is used subsequently when modelling the Crossrail tunnel 
excavation.  
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CHAPTER 5               
TWO-DIMENSIONAL MODELLING OF ‘GREENFIELD’ RESPONSE TO 
CROSSRAIL EXCAVATION 
 
 
The present chapter reviews the numerical analysis of the excavation of the new Crossrail 
tunnels at the Hyde Park site (see Chapter 3). The behaviour of the London clay was simulated by 
the advanced modified two surface kinematic model (Grammatikopoulou, 2004) using the 
calibrated parameters presented in Chapter 4. The previous stress history of the site was first 
modelled, including a stage of underdrainage of the pore water pressure profile. The two tunnels 
were then excavated and their linings were constructed. The results concerning the soil 
movements due to the excavation of the two tunnels and the consolidation that took place in 
between their excavation are presented in a detailed way. A systematic comparison is also 
performed with extensive field measurements obtained and presented by Wan (2014a) as part of 
the same Imperial College London research project. Although the main objective of the research is 
to assess the interaction of tunnelling on existing tunnels, the work performed for this chapter is 
an integral part of this research as assessing accurately the ‘greenfield’ response of a site to 
tunnelling is the first step of studying more complicated situations. In all the analyses performed 
the finite element code ICFEP was used (Potts & Zdravković, 1999). 
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5.1 Introduction 
The Crossrail Imperial College research project included an extensive monitoring scheme at the 
Hyde Park site (see Section 5.2.1) which provided detailed and accurate measurements of the soil 
response due to the excavation of the two Crossrail tunnels. The monitoring data were used here 
to validate the numerical study of the above mentioned excavation. The calibration of the 
constitutive models (M2-SKG and Mohr-Coulomb) which resulted in the most satisfactory 
prediction of the soil displacements in Chapter 4 (St. James’s Park case study) was adopted in the 
current analysis. However, different challenges are associated with the Hyde Park case study in 
comparison to that at St. James’s Park. 
i. The two Crossrail tunnels have larger dimensions than the usual London underground tunnels 
(see Section 5.2.1). 
ii. The two tunnels were constructed by Earth Pressure Balance machines. This is a different 
tunnelling procedure compared to the open-face shield with mechanical back-hoe that was 
used at the St. James’s Park site and its simulation with a volume loss control numerical 
analysis may not be adequate. 
iii. The tunnels alignment in Hyde Park is deeper than the alignment of the tunnels at St. James’s 
Park analysed in the previous chapter (see Section 5.2.1). 
iv. The site at Hyde Park has experienced a different geological history. The superficial deposits 
are less thick compared to St. James’s Park, the whole depth of the B2 unit of the London clay 
(almost 30m) is present and the pore water pressure profile is underdrained. 
The previous stress history at Hyde Park was simulated at the start of all the numerical analyses 
presented herein, followed by the two tunnel excavations. The results focus on the effect of the 
underdrainage on the site conditions prior to the excavation of the two tunnels. The numerical 
predictions of the short-term soil surface and subsurface displacements due to the excavation of 
each of the two tunnels and the mid-term consolidation displacements in between their 
excavations are presented and compared with field data. The comparison reveals that the M2-SKH 
model with the set of parameters obtained from calibration against laboratory tests of intact 
samples (Gasparre, 2005) can adequately predict soil displacements related to tunnelling. 
However, as shown in the previous chapter, different calibrations dramatically influence the 
outcome of the numerical analysis of a tunnelling boundary value problem. It will be shown that 
validating the numerical analysis against field measurements from one site (i.e. St. James’s Park) 
can greatly aid the predictions at other sites, such as Hyde Park. 
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5.2 Description of the numerical model 
5.2.1 General site information – Field instrumentation 
In Figure 5.1 a general layout is shown of the crossing area of the existing Central line tunnels 
with the new Crossrail tunnels at the edge of Hyde Park, beside Bayswater Road. In the layout the 
exact position of the installed instrumentation scheme is also presented. Three surface monitoring 
point lines were installed with the X and Y lines being perpendicular to the axis of the Crossrail 
tunnels and the Z line being parallel to the Central line Eastbound tunnel. The surface settlements 
and horizontal displacements on these lines where measured by means of precise levelling and 
total station and micrometre stick measurements, with their accuracy being ±0.3mm, ±1mm and 
±0.5mm respectively. It should be noted that the micrometre stick measures the average 
horizontal ground strains between adjacent surface monitoring points and by integrating them the 
surface horizontal displacements are obtained. In this chapter only surface displacements 
(obtained from precise levelling and micrometre stick measurements) of the X and Y line are used. 
 
 
Figure 5.1: Instrumentation plan at the Hyde Park site (after Wan, 2014b). 
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There are 38 boreholes in total, each one accommodating one or more instruments. The 
majority of them are aligned with the main instrument array (i.e. next to and parallel to the Y 
surface monitoring point line). Extensometer and inclinometer boreholes are in tandem so that 
vertical and horizontal displacements can be measured at the same depths and locations (Wan, 
2014b). In this chapter only field measurements from the main instrumentation array a used for 
comparison with subsurface displacements predicted by the finite element analysis. Multi-level 
vibrating wire piezometers with six sensors at different depths, a conventional standpipe 
piezometer and spade cells were also installed to measure pore water pressures and earth 
pressure changes in the ground. 
Figures 5.2 and 5.3 show the positions of the installed multi-level rod-extensometers and the 
in-place electrolevel inclinometers, respectively. In each rod-extensometer borehole a maximum 
number of eight anchors are installed at different depths (Wan, 2014b).The crosses in the figure 
indicate their positions. The overall accuracy achieved is dictated by that of the precise levelling 
(i.e. ±0.3mm) while the instruments’ accuracy is ±0.05mm. All the vertical displacements (surface 
and subsurface) are measured relative to the deepest anchor of HP21 (at 50m below ground level) 
which is taken as a datum (i.e. assumed not to move). 
 
 
Figure 5.2: Cross-section AA (looking Northwest, see Figure 5.1) with the rod extensometer 
boreholes in the main instrumentation array/next to the YSMP line (after Wan, 2014b). 
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In each inclinometer borehole a series of micro-electro-mechanical system accelerometer 
sensors are positioned at selected intervals, which measure the voltage change in response to tilt. 
A maximum number of 16 sensors were installed in one inclinometer borehole with the 
independent error at each location being equivalent to 0.08mm for a sensor spacing of 4m (Wan, 
2014b). The horizontal displacements are deduced by integrating the rotations over the length 
between two successive sensors. The horizontal displacement profiles presented in this chapter 
for the various inclinometer borehole positions are related to the surface horizontal movements 
measured with the micrometre stick. 
 
 
Figure 5.3: Cross-section AA (looking Northwest, see Figure 5.1) with the in-place inclinometer 
boreholes in the main instrumentation array/next to the YSMP line (after Wan, 2014b). 
 
The Crossrail tunnels were constructed by Earth Pressure Balance machines. The lining rings 
consist of conventional bolted precast concrete segments with the tunnels internal and external 
diameters being Din=6.2m and Dex=6.8m respectively. The ring thickness is 30cm. The concrete 
grade used was C50/60 while the steel fibre dosage was 30-40kg/m3 in order to achieve post-
cracking load carrying capacity. The above specifications can be found in the ‘Bored tunnel 
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segmental lining – Conceptual design statement - Document Number: C122-OVE-C4-XST-CRG01-
00007 Rev3.0’ of the Crossrail. 
An extensive site investigation was performed involving four boreholes. The adopted soil profile 
for the finite element analysis is shown in Figure 5.4 and is based on the deepest of the performed 
boreholes, HP6, whose log can be found in Appendix C. 
 
 
Figure 5.4: Soil profile and general geometry adopted for the analyses of the Crossrail tunnels at 
the Hyde Park site. 
 
5.2.2 Analysis sequence and different analyses performed 
When performing the analyses for this chapter, the main findings in Chapter 4 were taken into 
consideration. Modelling of the previous stress history was shown to be necessary for the realistic 
prediction of the induced soil displacements due to tunnelling when the M2-SKH model was used 
for the St. James’s Park case study. Therefore, prior to the excavation of the two Crossrail tunnels 
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and the construction of their linings, the previous stress history of the Hyde Park site was 
simulated. 
Due to the proximity of the two sites a common previous stress history was assumed involving 
180m of overburden material. The erosion of the overburden material was simulated in a similar 
manner as for the St. James’s Park site (see Section 4.4.3) with the only difference being that in 
the present chapter it was performed over 19 increments (instead of 200increments in Chapter 4). 
The Superficial deposits (6m thick) were constructed in increment 20 with a simultaneous rise of 
the ground water table from its initial position at the top of the London clay to the middle of the 
Superficial deposits. It should be noted that the pore water pressure profile was kept hydrostatic 
over the first 20 increments of the analysis while the analysis was drained. Subsequently, coupled 
consolidation was switched on in order to obtain the underdrained pore water pressure profile 
indicated by the piezometer readings prior to the excavation of the two Crossrail tunnels (see 
Section 5.3). The underdrainage is due to pumping from the deep aquifer in London and was 
assumed to have taken place over 70 years. It was modelled over 5 increments (i.e. 21-25). 
Increments 26-30 simulated a further 70 years of consolidation to enable the pore water pressures 
to reach equilibrium with the pore pressure boundary conditions and the soil permeability and any 
residual loads in the finite element mesh to have time to diminish. The excavation of each of the 
two Crossrail tunnels took place over 100 increments, with the volume loss control method (see 
Section 3.2.7). The Westbound Crossrail tunnel (see Figure 5.1) was excavated and its lining was 
constructed first (increments 31-130), and 73 days later (increments 131-140) the Eastbound 
Crossrail tunnel followed (increments 141-240). Both tunnel excavations and their lining 
construction were modelled with a rate of 100m/week. The two tunnels were excavated with 
volume losses of 0.8% and 1.4% respectively which were the volume losses determined from 
measurements along the south part of the X surface monitoring line, XSMP, (see Figure 5.1 and 
Sections 5.4 and 5.6). The Westbound and Eastbound Crossrail tunnels short-term surface 
settlement troughs were considered to be fully developed by the end of November 2012 
(28/11/12) and the beginning of February 2013 (09/02/2013), respectively, when the EPB 
machines were at a distance of about 40-60m past the monitoring line. Table 5.1 summarizes all 
the stages of the analysis. 
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Table 5.1: Finite element analysis stages. 
Analysis stages Increment numbers 
Deactivation of the elements 
representing the linings of the two 
tunnels and the superficial deposits 
0 
Erosion of 180m of overburden 1-19 
Deposition of Superficial deposits and rise 
of the water table from the top of 
London clay to 3m depth within the 
Superficial deposits 
20 
Underdrainage of the pore water 
pressure profile 
21-30 
Excavation/lining construction of 
Westbound Crossrail tunnel 
31-130 
Consolidation period of 73days 
between the two Crossrail tunnels 
construction 
131-140 
Excavation/lining construction of 
Eastbound Crossrail tunnel 
141-240 
 
As is subsequently discussed, a parametric study was undertaken to establish the actual 
permeability of the Crossrail linings. Three different analyses were examined simulating the linings 
to be either permeable, impermeable or with a finite permeability equal to 1% of the permeability 
of the soil adjacent to their horizontal axes. By comparing the soil displacements due to 
consolidation between the two tunnelling events conclusions will be drawn on this issue (see 
Section 5.5). 
 
5.2.3 Spatial discretization and analysis details 
Figure 5.5 illustrates the finite element mesh used in the analysis of the Crossrail tunnels in 
Hyde Park which consists of 808 eight-noded quadrilateral isoparametric solid elements (for 
modelling the soil) and 48 three-noded beam elements (for modelling the tunnel linings). The 
width of the mesh is 235m and the total depth is 71m. The dimensions were chosen so that the 
settlement troughs due to the excavation of the tunnels would not be affected by the boundaries 
of the mesh (i.e. the width of the mesh is greater than the sum of 6ix plus the pillar width between 
the two tunnels). 
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Figure 5.5: Finite element mesh used for the Hyde Park site Crossrail tunnel analysis. 
 
In the first part of the analysis, erosion of the overburden and deposition of the Superficial 
deposits were performed drained. The remaining parts (underdrainage, excavation and 
construction of Crossrail tunnel linings and consolidation period between the two tunnels) of each 
analysis involved coupled consolidation. The consolidating solid elements modelling the London 
clay and Upper Lambeth Group have 4 pore water pressure degrees of freedom (at their corners) 
in addition to the 16 displacement degrees of freedom that all the solid elements have. The beam 
elements have 3 degrees of freedom (2 displacements and 1 rotation) at each of their 3 nodes. All 
the analyses were plane strain and 2*2 integration was used. A modified Newton-Raphson 
technique with an error-controlled sub-stepping stress-point algorithm was used as the non-linear 
solver (Potts & Zdravković, 1999). 
 
5.2.4 Constitutive models and geotechnical considerations 
The behaviour of the London clay was simulated with the M2-SKH constitutive model adopting 
the ‘low triaxial’ set of calibrated parameters (see Table 4.3 and Section 4.5), which gave the 
better short-term predictions for the St. James’s Park case study. The A2 and A3 units of the 
London clay were assumed to have the same properties as limited experimental data were 
available for the A2 unit, making its calibration impossible (see Section 4.2.1). The behaviour of the 
Lower and Upper Lambeth group deposits were simulated as non-linear elastic (model J4) 
perfectly plastic (Mohr-Coulomb yield surface) and the Superficial deposits were elastic perfectly 
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plastic with the same model parameters as the ones used in Chapter 3 (see Appendix A) for each 
layer respectively.  
During the underdrainage part of the previous stress history and the mid-term consolidation 
period between the two tunnelling events, the angle of dilation ν for the Upper Lambeth Group 
was set to zero to prevent the Mohr-Coulomb model from predicting excessive dilation. It was 
changed back to ν =14° during the two tunnelling events. Additionally for the Upper and Lower 
Lambeth Group where the small strain stiffness model was employed, an increase in the soil 
stiffness had to be considered when a change in the stress path direction (i.e. before the 
deposition of the Superficial deposits, and prior to the excavation and lining construction of each 
tunnel) was anticipated. The small-strain stiffness model used is a continuous degradation model, 
which accumulates strain changes independently of the stress path direction and in which the 
deviatoric strain, Ed and volumetric strain, εv, are stored and updated every increment as elastic 
hardening parameters. In order to take into account the change of the stress path direction the 
soil stiffness was forced to increase by zeroing the elastic hardening parameters (Ed and εv) at the 
analysis stages outlined above. 
The Crossrail tunnel linings were modelled with linear elastic beam elements (see Section 
3.2.5). Based on the information given in Section 5.2.1 their properties are: unit weight 
γ=30kN/m3, Young’s modulus E=40000MPa, Poisson’s ratio ν=0.15, cross-sectional area per unit 
width A=0.6m2/m and second moment of area per unit width I=1.8*10-2m4/m and the shear 
correction factor k=0.8.  
The initial vertical effective stresses were established from the unit weight of each soil layer 
and an overburden of 1835kPa while the initial pore water pressure distribution with depth was 
hydrostatic. The coefficient of earth pressure at rest, K0, was calculated as 1-sinφ’ (based on the φ’ 
value of each layer) and was used to establish the horizontal effective stresses.  
The anisotropic permeability profile shown in Figure 5.6 was adopted which resulted in the 
underdrained pore water pressure profile shown in Figure 5.7. The permeability decreased with 
depth at the same rate as described in Chapter 3 (see Section 3.2.6). However the magnitudes of 
the permeability were multiplied by 4 so that the desired underdrained pore water pressure 
profile could be achieved in a sensible time frame (70 years, as mentioned above). Note that for 
the same pore water pressure profile to be achieved with the permeability profile used in Chapter 
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3, more than 350years of equilibration were necessary. The same permeability profile was, 
subsequently, used throughout the rest of the analysis.  
 
 
Figure 5.6: Permeability profile adopted for the Crossrail Hyde Park site analysis. 
 
5.2.5 Boundary conditions 
The base of the mesh was fixed by prescribing zero displacements horizontally and vertically 
while the vertical boundaries were allowed to move in the vertical direction only. Concerning the 
tunnels themselves, excavation and construction boundary conditions were applied. The erosion 
of the overburden was simulated by applying an outward boundary stress to the top of the active 
mesh. The construction boundary condition was also applied for the simulation of the deposition 
of the Superficial deposits.  
The following hydraulic boundaries conditions were applied to obtain the underdrained pore 
water pressure profile:  
i. the pore water pressures over the lower half of the Superficial deposits were kept hydrostatic;  
ii. at the interface between the Upper and the Lower Lambeth Group, the pore water pressure 
was prescribed to be 19.62kPa at the end of the underdrainage (so as to acquire the desired 
pore water pressure profile) and;  
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iii. the pore water pressures within the Lower Lambeth group were prescribed to be hydrostatic.  
For the remaining part of the analysis: 
i. a no change in pore water pressure boundary condition was applied for the elements of the 
Superficial deposits and the Lower Lambeth Group so that the interfaces between the 
consolidating and non-consolidating materials were free to drain and; 
ii. a no change in pore water pressure boundary condition was applied at the vertical boundaries 
of the mesh.  
When the tunnel linings were assumed to be fully permeable, the precipitation boundary 
condition (see Section 3.2.7) was applied at the tunnel boundaries. When the tunnel linings were 
assumed completely impermeable, a no flow boundary condition was applied at the tunnel 
boundaries. Finally for the case where the tunnel linings were modelled to have a finite 
permeability equal to 1% of that of the adjacent soil, the precipitation boundary was applied and 
the desired tunnel lining permeability was assigned to the first ring of soil elements around the 
tunnel perimeters. 
 
5.3 Previous stress history – Effect of underdrainage 
The previous stress history of this site differs from the one analysed in the previous Chapter for 
the St. James’s Park case since: 
i. it involved a much thicker (by almost three times) unit B2 of the London clay (present in the 
unloading-reloading part) and a thinner layer of Superficial deposits (only 6m compared to 
8.3m) to be deposited on the top of the London clay; 
ii. the pore water pressure profile with depth is underdrained whereas at St. James’s Park it was 
hydrostatic; 
iii. Figure 5.7 illustrates the pore water pressure distribution before and after the underdrainage 
and also some of the piezometer measurements at the site prior to the Crossrail tunnel 
excavations. The pore water pressures achieved at the end of the previous stress history in 
the numerical analysis agreed well with the available field measurements of the pore water 
pressures at the site (note these were only available to a depth of 45m below the ground 
surface). The pore water pressure at the Crossrail tunnels horizontal axis (34.2m below the 
ground surface) is 40kPa less than the hydrostatic value. 
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Figure 5.7: Pore water pressure profile before and after underdrainage. 
 
In Figure 5.8a and b the predicted yield stress ratio (YSR) and the K0 profiles with depth at the 
Hyde Park site are plotted. The profiles are plotted prior to and after the underdrainage stage of 
the previous stress history. By comparing the profiles prior to the underdrainage with the 
respective ones predicted for the St. James’s Park site (see Section 4.6) can be confirmed that both 
profiles are greatly influenced by the specific stress history of each site. The smaller thickness of 
Superficial material deposited on the top of the London clay at Hyde Park and the larger thickness 
of unit B2 of the London clay, resulted in higher predicted values for YSR and K0 for the entire 
depth of the London clay. The kink in the K0 profile at the depth of Upper Lambeth Group is due to 
the fact that this layer was simulated throughout the previous stress history stage with the small 
strain stiffness model coupled with the Mohr Coulomb one. This combination of models is not 
capable of accurately modelling the previous stress history, but since this layer is well below the 
invert of the Crossrail tunnels this deficiency in K0 is not believed to play an important role in the 
predicted soil displacements due to the tunnel excavations.  
As far as the underdrainage part is concerned, it is observed that it also affected the two 
profiles. The yield stress ratio was mainly affected towards the bottom of the London clay where 
the pore water pressure profile deviated the most from hydrostatic. The K0 profile was affected 
throughout the soil depth. The decrease in the pore water pressures resulted in an increase of the 
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vertical effective stress (σv’) proportional to the depth. The horizontal effective stresses (σh’) 
practically remained unchanged, locked to their previous values and this led to the K0 decreasing 
during underdrainage. The final K0 profile predicted at the Hyde Park site, prior to tunnel 
construction varies from 1 to 0.8 decreasing with depth. Over the depth of the tunnels K0 varies 
from 0.9 to 0.95.  
 
 
(a)             (b) 
Figure 5.8: Effect of previous stress history (including underdrainage on a) p0’/p’ and b) K0 profile. 
 
 
5.4 Soil displacements due to Westbound Crossrail tunnel construction 
The previous stress history of the site was followed by the excavation of the Westbound 
Crossrail tunnel. Table 5.2 summarises the volume loss and the trough width parameter values 
obtained from the field measurements (on the Y, X and the top of the extensometers surface 
monitoring points noted as YSMPs, XSPMs and RXs respectively in the table). The values were 
obtained through fitting a Gaussian curve to the field measurements and using the empirical 
relationship of O’Reilly & New (1982) for the calculation of the trough width parameter. The 
northern part of each of the surface troughs is slightly wider than the southern part. This is 
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attributed to the presence of the Central line tunnels on the northern part. It should be noted that 
the Central line tunnels were not simulated in the numerical analysis described in this chapter. The 
numerical analysis for the Westbound Crossrail tunnel was performed with a volume loss 
controlled method (see Section 3.2.7) using the volume loss of the southern part of the XSMP line 
(see Figure 5.1) which is more representative of the ‘greenfield’ situation, as it is located further 
away from the Central line tunnels (i.e. the least affected by its presence). Despite the fact that 
the excavation of the Westbound Crossrail tunnel was simulated with 100 increments the final 
volume loss achieved in the numerical analysis was slightly higher than the desired value (0.8%). 
Table 5.3 summarises the volume loss values obtained from the numerical analysis, measured in 
three different ways:  
a. by integrating the normal displacement of the soil around the perimeter of the tunnel (0.93%),  
b. by integrating the best fit Gaussian curve to the whole width of the surface settlement trough 
(0.94%) and  
c. by integrating the best fit Gaussian curve to the part of the surface settlement trough that 
corresponds to the width of the XSMP monitoring line (-40m to + 58m from the tunnel axis) 
(0.86%).  
For 7% of unloading, the volume loss obtained was the closest to the target value that could be 
achieved. It should be noted that a very low unloading percentage was also predicted at the St. 
James’s Park case (despite the higher target volume loss at this site). It is also observed that the 
volume loss obtained by fitting a Gaussian curve to a much wider area differs from the one 
obtained from the part that was actually measured. This could indicate the need for an even wider 
surface monitoring line. 
 
Table 5.2: Volume loss and K values for the Westbound Crossrail tunnel from the field 
measurements (Wan, 2014a). 
 
Westbound Crossrail tunnel Volume loss / K 
 
Southern Half-trough Northern Half-trough 
YSMPs 0.63% / 0.42 0.75% / 0.50 
RXs* 0.70% / 0.44  0.77% / 0.49 
XSMPs 0.80% / 0.45 0.78% / 0.44 
 
*reference head of the extensometers 
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Table 5.3: Volume loss and K values for the Westbound Crossrail tunnel from the finite element 
analysis. 
 
Westbound Crossrail tunnel Volume loss / K 
Unloading  
(%) 
All the mesh 
Around the tunnel perimeter 
(radial displacement) 
Part of the mesh (-40m to 
58m from WBaxis) 
7 0.94% / 0.56 0.93% 0.86% / 0.52 
 
In Figure 5.9 the surface settlement troughs and the normalised surface settlement troughs 
from the field measurements are compared with those ones obtained from the numerical analysis. 
For the field measurements, the bottom of borehole HP21 (50m below ground surface) was taken 
as a datum assuming no vertical displacement occurred due to the Crossrail excavation. The 
surface settlement trough obtained from the numerical analysis is presented in Figure 5.9 as: 
a. not corrected;  
b. corrected with regards to the node of the finite element mesh coinciding with the bottom of 
HP21; 
c. corrected with regard to the horizontal line at 50m depth. This means that for each point on 
the surface trough the vertical displacement was corrected by the vertical displacement of the 
point which is located 50m below ground level at the same distance from the tunnel’s axis.  
An overall satisfactory agreement of all the numerical analysis results with the field 
measurements is achieved in terms of both the surface settlement magnitude and the width of 
the surface trough. The best comparison is achieved when the correction (c) was applied (see 
above). This indicates that in the finite element analysis, displacements of different magnitude 
occurred along the whole width of the datum line (50m below ground level) due to the tunnelling 
procedure. For the interpretation of the field measurements the inherent assumption made was 
that no displacements occurred along this line. The most relevant comparison is the one where 
the obtained surface trough was corrected the same way as the field measurements (i.e. 
correction (b), see above). However, with the latter correction, settlement is predicted at the 
vertical boundaries of the mesh which is surprising considering the dimensions of the finite 
element mesh. The vertical settlement at the boundaries is equal to the heave of the datum point, 
bottom of HP21 (i.e. 0.8mm). Despite the fact that this displacement is very small, it affects the 
results. Since the volume loss due to the Westbound Crossrail tunnel is small (<1.0%) the 
associated surface settlements are also small (<8mm) and consequently displacements even less 
than 1mm at the datum can influence substantially the obtained surface settlements. It should be 
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mentioned that for the St. James’s Park case study (Chapter 4) different correction techniques 
were not discussed since the heave associated with the point taken as a datum was less than 
0.1mm, which is negligible compared with the maximum ground surface settlement of 20.4mm. 
 
 
Figure 5.9: Comparison of field measurements with finite element predictions of a) ground surface 
settlement and b) normalised ground surface settlement due to the Westbound Crossrail tunnel. 
 
Figure 5.10 shows the comparison of the horizontal surface displacements due to the 
Westbound Crossrail tunnel excavation. Apart from the field measurements (obtained by 
micrometre stick assuming zero horizontal strain above the tunnel axis) and the numerical analysis 
prediction, results based on a Gaussian fit to the field measurement are also shown (analysis 
performed by Wan, 2014a). The Gaussian fit is calculated using the relationship of O’Reilly & New 
(1982) assuming that the resultant displacement vector at any point on the ground surface points 
towards the centre of the tunnel (see Section 2.2.3). The field measurements reveal that the 
surface horizontal displacements are not symmetrical with slightly more displacements towards 
the northern side. This can be attributed to the influence of the Central line tunnels to the North 
of the Crossrail tunnel axis. This asymmetry is not predicted by the numerical analysis since the 
Central line tunnels were not modelled. However, for the southern part (the ‘more’ green-field 
part) the predicted horizontal displacements compare well with the field measurements in terms 
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of both magnitude and shape. Both the field measurements and the numerical analysis predict a 
much wider surface horizontal displacement profile than the Gaussian prediction.  
 
 
Figure 5.10: Comparison of field measurements with finite element predictions of surface 
horizontal displacements due to Westbound Crossrail tunnel excavation. 
 
In Figure 5.11 the subsurface vertical displacements measured at all the extensometer borehole 
locations (YSMP line) are shown in comparison with the numerical results corrected using the 
three different correction methods (explained above). The numerical predictions are very close to 
the field measurements for all the borehole locations. In particular the predicted movements for 
borehole locations more than 10m (2.5-3 tunnel radius) away from the Westbound Crossrail axis 
coincide with the field measurements, predicting the magnitude and the shape of the vertical 
displacement accurately. For borehole locations closer to the tunnel axis, the comparison 
deteriorates. In particular, the shape is predicted quite satisfactory, with the vertical displacement 
increasing with depth above the tunnel crown level and then decreasing for greater depths. 
However, the numerical analysis underpredicted the magnitude of vertical displacements from 
tunnel crown level to 10m depth below ground level. The predictions agree well with the field 
measurements at shallower depths and below the invert of the tunnel (borehole location HP18, 
HP19, HP21and HP22). The least favourable comparison between the numerical analysis and the 
field measurements was obtained just above the tunnel crown (borehole HP20) at 29m depth; the 
numerical prediction was 12.5mm whereas a vertical displacement of 17.6mm was measured in 
the field. 
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Figure 5.11: Comparison of rod extensometer measurements with vertical displacement 
predictions from the numerical analysis of the Westbound Crossrail tunnel excavation. 
 
Similar conclusions can be drawn if the subsurface settlement troughs are drawn at different 
depths (see Figure 5.12). It can be seen that the predicted subsurface settlement troughs are in 
reasonably good agreement with the field measurements with the comparison becoming less 
accurate for the deeper troughs in the close vicinity of the tunnel axis. 
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Figure 5.12: Comparison of field measurements with subsurface vertical displacement numerical 
predictions at different depths due to the Westbound Crossrail tunnel excavation. 
 
Figure 5.12 also shows that the numerical analysis accurately predicts the width of the 
subsurface troughs. This is further illustrated in Figure 5.13 where the subsurface trough width 
parameter is plotted against depth both for the field measurements and the numerical analysis 
(both with the same assumption: ln(S/Smax)>-1.5). In this figure the predictions from empirical 
correlations (see Section 2.2.3) are also plotted (from Wan, 2014a). The trough width parameter is 
increasing with depth, as expected, and the obtained values compare well with the field 
measurements and the empirical correlations. 
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Figure 5.13: Comparison of subsurface trough width parameters from field measurements, 
numerical analysis and empirical correlations due to the Westbound Crossrail tunnel. 
 
As mentioned in Section 5.2.1 apart from vertical subsurface displacements, horizontal 
subsurface displacements were also measured at the Hyde Park site. Figure 5.14 presents the 
comparison of subsurface horizontal displacements due to Westbound Crossrail tunnel excavation, 
measured in the field and predicted from the numerical analysis for different electrolevel 
inclinometer boreholes (see Figure 5.3). The numerical predictions are in a good agreement with 
the field measurements for all the inclinometer borehole locations, irrespective of their distance 
to the tunnel axis in terms of both the shape and the actual magnitude of the horizontal 
displacements. Considering that the accuracy of the field measurements of the subsurface 
horizontal displacements is lower than the vertical ones (inclinometers are less accurate than the 
extensometers, see Section 5.2.1), the differences between the field measurements and numerical 
analysis predictions are insignificant. However possible explanations for discrepancies are 
discussed further below.  
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Figure 5.14: Comparison of field measurements with finite element predictions of subsurface 
horizontal displacements for different inclinometer borehole locations due to the Westbound 
Crossrail tunnel excavation. 
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Figure 5.14b includes two different ways of deducing the horizontal displacements from the 
field measurements. The horizontal displacements were deduced either by integrating the 
rotations over the length between two successive sensors or by integrating a polynomial fit to the 
measured values. It is observed that the two interpretations give similar results although there are 
some differences. The second method compares better at this particular borehole location with 
the numerical predictions highlighting that the method used to interpret field measurements of 
subsurface horizontal displacements may have a significant effect on the comparison (especially 
when the displacements are small, e.g.<1cm).  
Figure 5.14c and d present the subsurface horizontal displacements at a distance 4.7m South 
and North of the Westbound Crossrail tunnel axis respectively. It is observed that the field 
measurements are not symmetrical as would have been expected. The field measurements 
presented, herein, were obtained from the rotations measured when the face of the EPB machine 
is 40-50m beyond the monitoring section, when the short-term soil movements are assumed to be 
complete. Figure 5.14d shows that the field measurements vary for different distances of the EPB 
machine from the monitoring section and it is difficult to distinguish the boundary when the short-
term soil movements are complete and when the consolidation starts. This could be another 
reason for the discrepancy between field measurements and numerical analysis. In addition, in 
Figure 5.14c the predictions from numerical analysis for various distances (3.65m, 4.75m and 
6.0m) of the vertical monitoring line South from the axis of the Westbound Crossrail tunnel axis 
are presented. The subsurface horizontal displacements are very sensitive to the distance of the 
monitoring line from the tunnel axis. This indicates that any non-verticality of the inclinometer 
boreholes could affect field measurements. In particular, for the assumed angle of deviation from 
the vertical, in the numerical analysis 1.8° and 3.9° (relating to the distance values of 3.65m and 
6m mentioned above), the horizontal displacements at the tunnel axis level were 
reduced/increased by 27% and 44%. This illustrates that it is very important to know whether 
inclinometers boreholes have deviated from being perfectly vertical which could bring the sensors 
closer to or further away from the tunnel boundary. This could explain the discrepancies observed 
in the results from the numerical analysis in some cases. Finally this asymmetry could be 
attributed to the effect of the presence of the Central line tunnels which was not simulated in the 
numerical analysis. 
Satisfactory agreement of the numerical analysis with the field measurements is also obtained 
in terms of the pore water pressure changes. The changes of the pore water pressure distribution 
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with depth in piezometers HP32 and 33 are presented in Figure 5.15. These piezometers are at 
distances of 12m and 15.2m from the Westbound Crossrail axis. The numerical predictions of the 
‘far-field’ pore water pressure changes are in broad agreement with the field measurements. It 
should, though, be kept in mind that these piezometers are not in the close vicinity of the 
excavated tunnel where the comparison would have been poorer since the tunnel was 
constructed in the numerical analysis at a very low unloading percentage and as such the 
associated pore water pressure changes would have been less than those measured in the field.  
 
 
Figure 5.15: Pore water pressure changes due to the Westbound Crossrail excavation at 
piezometers a) HP32 and b) HP33. 
 
5.5 Soil displacements prior to the Eastbound Crossrail tunnel construction 
The excavation of the Westbound Crossrail tunnel was followed by a 73 day consolidation 
period before the Eastbound tunnel was excavated. Using the finite element model a small 
parametric study was undertaken with respect to the lining permeability, which was shown in 
Chapter 3 to have a significant influence on consolidation displacements. The Crossrail tunnels are 
designed to very high standards of water-proofing. According to ‘Bored tunnel segmental linings – 
Document Number: C122-OVE-C4-XST-CRG01-00007 Rev3.0’ prepared for Crossrail, the water-
proofing of the tunnels was accomplished not only by utilising a ‘three powder’ concrete mix with 
a low permeability and by grouting the ring (continuous tail void grout) but also by the use of 
composite ethylene propylene diene monomer (EPDM) and hydrophilic rubber gaskets in the 
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outer edge of the segments and caulking grooves on the internal face of the segments both in the 
radial and circumferential joints. The tunnels were, basically, designed to be completely 
impermeable. The analyses performed included three different assumptions for the lining 
permeability: a) permeable, b) impermeable and c) permeable with a very small permeability (1% 
of the permeability of the adjacent soil).  
Figure 5.16 presents the accumulated ground surface settlements and the normalised ground 
surface settlements just prior to construction of the Eastbound Crossrail tunnel (i.e. settlements 
due to Westbound Crossrail excavation and the following 73days consolidation period). In all the 
figures the vertical displacements are related to the bottom of HP21 (approach b described in 
Section 5.4). It can be observed that the numerical predictions when the tunnel lining is assumed 
to be completely permeable (Figure 5.16b) highly overpredict the magnitude of the settlements, 
resulting in almost 3.5 times larger displacements. The numerical predictions indicate that the 
tunnel lining was indeed nearly impermeable. It should be noted that a better prediction of the 
field measurements was obtained for the case where the tunnel lining was assigned a small finite 
permeability rather than for the case of the impermeable tunnel lining. This may indicate that 
despite the care taken in water-proofing the tunnel linings in the field, some leakage of water may 
have occured. The shape of the settlement trough is well predicted, as well (Figure 5.16c). Since 
the predictions for the surface settlement for a fully permeable lining are not satisfactory the 
subsurface soil displacements assuming such a lining are only shown in Appendix D for reference. 
The predictions of subsurface soil vertical displacements for the analyses with an impermeable 
lining and a lining with a permeability of 1% of that of the adjacent soil are compared with field 
measurements in Figure 5.17. 
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Figure 5.16: Comparison of field measurements with finite element predictions of a) and b) ground 
surface settlement and c) normalised surface settlement prior the Eastbound Crossrail tunnel 
construction for various tunnel lining permeabilities. 
 
The case for which the tunnel lining permeability was equal to 1% of the adjacent soil 
permeability resulted in a better prediction of the subsurface settlement troughs given by the field 
measurements, presented in Figure 5.17, compared with the analysis with the impermeable lining. 
The latter underestimated the settlements measured in the field at all depths below ground level. 
On the contrary, comparison of the numerical predictions of the case with very low lining 
permeability with the field measurements was very satisfactory. The subsurface settlements were 
underpredicted for depths greater than 15m and down to the tunnel crown level but only in the 
close vicinity (less than 2m away from the tunnel axis). This is further illustrated in Figure D.2 of 
Appendix D where the vertical profiles of vertical displacement are shown.  
 
CHAPTER 5: TWO-DIMENSIONAL MODELLING OF ‘GREENFIELD’ RESPONSE TO CROSSRAIL EXCAVATION 
249 
 
 
 
CHAPTER 5: TWO-DIMENSIONAL MODELLING OF ‘GREENFIELD’ RESPONSE TO CROSSRAIL EXCAVATION 
250 
 
Figure 5.17: Comparison of field measurements with finite element predictions of subsurface 
settlement troughs prior to the Eastbound tunnel construction for impermeable and permeable 
with 1% of the adjacent soil permeability tunnel linings. 
 
Figure 5.18 shows the changes of the pore water pressure predicted by the three analyses. The 
field measurements due solely to the consolidation period between the excavations of the two 
tunnels are shown in the same figure for comparison. Poor prediction was obtained for all the 
assumed lining permeabilities. Surprisingly, a relatively better prediction was achieved when the 
tunnel lining was assumed to be permeable, despite the fact that this assumption resulted in 
unrealistic vertical displacements form soil consolidation (see above). 
 
CHAPTER 5: TWO-DIMENSIONAL MODELLING OF ‘GREENFIELD’ RESPONSE TO CROSSRAIL EXCAVATION 
251 
 
Figure 5.18: Pore water pressure changes during the consolidation period between the two 
Crossrail tunnels constructions at piezometers a) HP32 and b) HP33. 
 
5.6 Soil displacements due to the Eastbound Crossrail tunnel construction 
In Table 5.4 the volume loss and trough width parameter values calculated from the different 
monitoring lines in the field for the Eastbound Crossrail tunnel excavation are summarised. It is 
observed that the southern half of the trough, the one that is towards the Westbound tunnel (that 
had already been excavated) experienced more volume loss with the trough being wider 
compared to the northern part. The northern part is expected to be influenced by the existing 
Central line tunnels, especially for the YSMP monitoring line (see Figure 5.1). It should be noted 
that for the XSMP line the surface settlements of the six points that are located in the northern 
part the furthest away from the Eastbound tunnel axis are, probably, affected by the North 
Carriage Drive (see Figure 5.1). As discussed later, the increased stiffness of this drive (compared 
to that of the soil) reduces the soil settlement more (see Figure 5.19). This is another reason why 
the northern part of the surface trough was narrower than the southern one.  
The volume loss control method was adopted for the prediction of the Eastbound Crossrail 
tunnel excavation. The volume loss and trough width parameter values for the three lining 
permeability scenarios (for the Westbound Crossrail tunnel) are presented in Table 5.5. The target 
volume loss for this excavation, 1.4%, was obtained from the southern part of the troughs of the 
field measurements, in order to account for the presence of the Westbound Crossrail tunnel. The 
unloading required for achieving the target volume loss for the different lining permeability 
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scenarios varied from 9% to 12%. The lining was constructed when the target volume loss, 
measured from the radial displacements around the tunnel perimeter, was achieved. It can be 
seen that there is a difference in the calculated volume losses of the southern and the northern 
parts. These were calculated by integrating the best fit Gaussian curve to each part of the surface 
trough, South and North, but only 55.2m and 42.8m away from the Eastbound tunnel axis 
respectively (these are the lengths of the southern and northern parts of the XSMP lines). 
 
Table 5.4: Volume loss and K values for the Eastbound Crossrail tunnel from the field 
measurements (Wan, 2014a). 
 
Eastbound Crossrail tunnel Volume loss / K 
 
South Half-trough North Half-trough 
YSMPs 1.18% / 0.46 0.92% / 0.36 
RXs* 1.19% / 0.47  0.81% / 0.32 
XSMPs 1.39% / 0.47 1.01% / 0.34 
 
*reference head of the extensometers 
 
Table 5.5: Volume loss and K values for the Eastbound Crossrail tunnel from finite element analysis. 
  
Eastbound Crossrail tunnel Volume loss / K 
Lining 
permeability 
Unloading 
(%) 
All the mesh 
Around 
the tunnel 
perimeter  
South part of 
the mesh 
North part 
of the mesh 
Permeable 9 1.39% / 0.57 1.40% 1.26% / 0.49 1.21% / 0.48 
Permeable - 
1% of the soil 
permeability 
11 1.41% / 0.65 1.41% 1.11% / 0.50 1.24% / 0.53 
Impermeable 12 1.35% / 0.69 1.32% 1.07% / 0.51 1.18% / 0.54 
 
In Figure 5.19 the surface settlement and normalised settlement troughs due to the excavation 
of the Eastbound Crossrail tunnel are presented. The numerical predictions underestimate the 
surface settlement irrespectively of the lining permeability assumed for the Westbound tunnel. 
The numerical predictions for the case where the Westbound tunnel lining was simulated as fully 
permeable are in slightly better agreement with the field measurements compared to the 
predictions using the other two cases. This can be attributed to the more accurate prediction of 
the pore water pressure changes, that was achieved prior to the Eastbound Crossrail tunnel 
excavation (at least in the vicinity of the Eastbound tunnel, see Figure 5.18).  
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The shape of the troughs is shown in Figure 5.19b, c and d for each Westbound tunnel lining 
permeability scenario. For the northern part of the trough, which is less affected by the excavation 
of the Westbound Crossrail tunnel in comparison to the southern part, the shape of the predicted 
troughs is in excellent agreement with the field measurements up to 15m away from the 
Eastbound tunnel axis (irrespectively of the assumed Westbound tunnel lining permeability). 
However, there is a substantial difference in magnitude between predicted and measured 
settlements. As discussed earlier, the trough obtained from the field measurements on the 
northest end of the XSMP line is thought to have been affected by the stiffness of the North 
carriage drive. The shape of the southern part of the settlement trough was only well predicted for 
the case of fully permeable Westbound tunnel lining. In fact, only for this case was the southern 
part of the trough wider than the northern part, similar to the field measurements. For the other 
two tunnel lining permeability scenarios the southern part was narrower than the northern. This 
suggests that the changes of the pore water pressure prior the Eastbound Crossrail tunnel 
excavation, which were better predicted for the permeable Westbound tunnel lining (see Figures 
5.15 and 3.18), control the soil displacements during the excavation of the Eastbound tunnel. The 
better prediction of pore water pressure changes implies better predicted stress-paths and as such 
more representative soil stiffness response and displacements. 
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Figure 5.19: Comparison of field measurements with finite element predictions of a) ground 
surface settlement and b), c) and d) normalised ground surface settlement due to the Eastbound 
Crossrail tunnel (accounting for b) permeable, c) permeable with 1% of the soil’s permeability and 
d) impermeable). 
 
Figure 5.20 presents the horizontal ground surface displacements due to the excavation of the 
Eastbound Crossrail tunnel. The field measurements and the Gaussian fits (prepared by Wan, 
2014a) are plotted following the same assumption as for the Westbound tunnel. Additionally, for 
the southern part of the XSMP line, zero horizontal strains were assumed for the most southern 
point of the line because the presence of the North ride (see Figure 5.1) did not allow the 
micrometre stick measurements to be continuous in this area. The field data are well reproduced 
when the Westbound tunnel lining was simulated as fully impermeable or as permeable with its 
permeability being 1% of the adjacent soil permeability. The magnitude of the predicted horizontal 
displacements lies between the values measured at the two monitoring lines and the maximum is 
located at the same horizontal distance from the Eastbound tunnel axis as for the monitoring data. 
Neither the field data for the YSMP line nor the corresponding numerical prediction follow the 
predicted based on the Gaussian distribution also shown in Figure 5.20. It should be noted that it 
is not appropriate to compare the field measurements from the XSMP line with the numerical 
predictions since zero horizontal strains were assumed at the most southern point. When the 
Westbound tunnel was simulated as fully permeable the horizontal surface displacements were 
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overpredicted and the point where the direction of displacements changes was moved to the 
North of the Eastbound tunnel axis instead of being directly above it. 
 
 
Figure 5.20: Comparison of field measurements with finite element predictions of ground surface 
horizontal displacements due to the Eastbound Crossrail tunnel excavation. 
 
Figure 5.21 shows the comparison of the predictions of the subsurface vertical displacements 
from the three scenarios analysed with the field measurements. Although, for all the permeability 
scenarios of the Westbound tunnel lining examined herein the numerical analysis underpredicts 
the soil displacements, the shape of the vertical displacement profiles is well captured. The 
analysis where the Westbound Crossrail tunnel was modelled to be fully permeable predicted the 
vertical subsurface movements at shallow depths better. This observation further indicates that 
the pore water pressure changes due to the Westbound Crossrail tunnel excavation and the 
consolidation period followed were more realistically predicted when the Westbound tunnel lining 
was modelled as fully permeable.  
The subsurface vertical displacements are also plotted as subsurface settlement troughs in 
Figure D.3 of Appendix D. From this set of plots all of the above observations are confirmed and 
unlike for the case of the Westbound Crossrail tunnel excavation the numerical predictions do not 
deteriorate with depth, in fact they are in better agreement with the field measurements.  
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CHAPTER 5: TWO-DIMENSIONAL MODELLING OF ‘GREENFIELD’ RESPONSE TO CROSSRAIL EXCAVATION 
257 
 
 
Figure 5.21: Comparison of rod extensometer measurements with vertical displacement 
predictions from the numerical analysis due to the Eastbound Crossrail tunnel excavation. 
 
In Figure 5.22 the subsurface trough width parameter variation with depth corresponding to 
the field measurements and the numerical predictions  for two of the three Westbound tunnel 
lining permeability scenarios (i.e. fully permeable and tunnel lining permeability equal to 1% of the 
soil permeability) is presented. This was calculated making the same assumptions as for the 
Westbound Crossrail tunnel (see Section 5.4). The northern part of the troughs was narrower than 
the southern part at all depths in the field measurements, which is consistent with the ground 
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surface troughs. The southern part of the troughs was well predicted irrespective of the 
assumption made regarding the permeability of the Westbound tunnel lining (the fully permeable 
case is slighlty better). The numerical analysis for the case where the Westbound tunnel lining was 
asignd a permeability equal to 1% of that of the adjacent soil predicted a wider trough at the 
northern part than at the southern part at all depths. This is the opposite of what was measured in 
the field and also of what the numerical analysis with the fully permeable Westbound Cossrail 
tunnel lining predicted. For the latter the northern part was marginally narrower than the 
southern one. Regarding the trough width parameter obtained from the field measurements for 
the northern part, it is important to note that at certain depths the trough width parameter was 
calculated from only one available measurement and as such the interpretation of the field 
measurements is less reliable than for the southern part. 
 
 
Figure 5.22: Comparison of subsurface trough width parameters from field measurements, 
numerical analysis and empirical correlations due to the Eastbound Crossrail tunnel for                    
a) permeable with 1% soil permeability and b) permeable Westbound tunnel lining. 
 
Finally in Figure 5.23 the subsurface horizontal displacement measurements due to the 
Eastbound tunnel excavation are presented. The shape and the magnitude of the numerical 
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predictions are generally in good agreement with the field measurements. The prediction, though, 
has deteriorated compared with the respective prediction after the Westbound Crossrail tunnel, 
but it is still in satisfactory agreement with the field measurements. In Figure 5.23f field 
measurements from inclinometers HP9 and HP15 which are both located 5.2m North of the 
Eastbound axis but at different distances from the Central line existing tunnels (see Figure 5.1) are 
presented. The maximum horizontal displacement measured in HP9 is almost double that of HP15. 
This can be attributed to the fact that HP9 is closer to the existing Central line tunnels and the 
difference between the two measurements reflects the influence of the existing Central line 
tunnels on the soil response due to the new excavation. Since the presence of the Central line 
tunnel was not modelled in the numerical analysis, only the comparison between the numerical 
predictions and measurements from HP15 is meaningful. Indeed, the horizontal displacements 
measured in HP15 were well predicted by all the numerical analyses. Another explanation for the 
discrepancies between measurements at HP9 and HP 15 could be the verticality of the 
inclinometer boreholes as discussed in Section 5.4.  
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Figure 5.23: Comparison of field measurements with finite element predictions of subsurface 
horizontal displacements due to Eastbound Crossrail tunnel excavation (various inclinometers). 
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5.7 Final remarks and conclusions 
This chapter presents the numerical analysis of the new case study of the Crossrail tunnel 
excavation at the Hyde Park site. The numerical analyses presented incorporate the modified two 
surface kinematic hardening model (M2-SKH) for simulating the behaviour of the London clay. The 
model parameters were calibrated in Chapter 4 against samples of intact London clay and have 
already been used for the St. James’s Park case study with satisfactory results. The numerical 
analysis includes the simulation of the previous stress history of the site which was followed by 
excavation of the two Crossrail tunnels separated by a certain time interval.  
The previous stress history in the Hyde Park site included underdrainage, of the pore water 
pressure profile, which followed a loading-unloading-reloading sequence of the London clay (i.e. it 
is different from the St. James’s Park stress history). The underdrainage of the pore water pressure 
profile decreases the K0 and p0’/p’ profiles with depth, especially in the region where the pore 
water pressure profile is underdrained the most. This conclusion adds to the discussion presented 
in Chapter 4 about how important the accurate simulation of the previous stress history is, since 
the K0 and p0’/p’ profiles depend on it and are not identical throughout London.  
The numerical simulation included the time interval (73days) between the excavations of the 
two Crossrail tunnels. Throughout the analysis, numerical predictions are compared with field 
measurements of soil displacements (Wan, 2014a) with an overall very good agreement between 
them.  
I. Soil displacements due to the Westbound Crossrail excavation 
 Both ground surface and subsurface vertical displacements are predicted accurately. 
 The numerical predictions of the subsurface vertical displacements deteriorate with depth in 
the close vicinity of the tunnel. 
 The decrease of the width of the subsurface troughs with depth is well reproduced.  
 The predicted horizontal ground surface displacements agree well with the field monitoring 
data confirming that their distribution does not follow the empirical prediction based on a 
‘Gaussian’ fit but it is wider. 
 The subsurface horizontal displacements are in good agreement with the field 
measurements.  
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 The analysis highlights how important it is to take into account any deviation in the 
verticality of the inclinometer boreholes. The horizontal displacements increase rapidly as 
the monitoring line approaches to the tunnel extrados. 
II. Intermediate consolidation period 
 The parametric numerical analysis performed with different scenarios concerning the 
permeability of the Westbound Crossrail tunnel lining, indicates that the Crossrail tunnel 
lining permeability is very low, 1% of the adjacent soil permeability. The numerical 
predictions of the ground surface and subsurface vertical displacements agree with field 
measurements for this particular assumption.  
 Despite the fact that the soil displacements were overpredicted when the lining of the 
Westbound Crossrail tunnel was modelled as fully permeable, the pore water pressures 
away from the tunnel were better predicted. 
III. Soil displacements due to the Eastbound Crossrail tunnel excavation  
 The vertical ground surface and subsurface displacements were underpredicted irrespective 
of the assumption made with regard to the Westbound Crossrail tunnel lining permeability. 
However better predictions were achieved for the fully permeable tunnel lining. This is 
thought to be due to the better prediction of the pore water pressure changes for this 
particular case. 
 The magnitude of the vertical subsurface displacements improved with depth, in contrast 
with the respective displacements due to the Westbound tunnel excavation. 
 The horizontal ground surface and subsurface displacements confirmed what was concluded 
from the Westbound Crossrail tunnel excavation. 
The numerical analysis results presented and compared to the field measurements establish a 
new case study which investigates a variety of aspects of soil response due to tunnelling in London 
clay. The good agreement between numerical predictions of soil displacements and field 
measurements was achieved by following the procedure (e.g. with detailed previous stress history 
modelling) and using the M2-SKH model parameters for the London clay as these were proposed 
in the work performed in Chapter 4 for analysing the St. James’s Park case study. This is important 
as the two examined case-studies differ significantly between them with the Crossrail tunnels 
being larger in dimensions, located deeper below the ground level and excavated with a different 
technique compared with the Jubilee line tunnels at the St. James’s Park site. The success in 
modelling the two case studies indicates the capability of the M2-SKH model, combined with 
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parameters obtained from high quality laboratory tests performed on intact samples of London 
clay, to model tunnelling problems accurately. 
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CHAPTER 6             
THREE-DIMENSIONAL ANALYSIS OF THE CROSSRAIL TUNNELS BENEATH 
CENTRAL LINE TUNNELS 
 
 
This chapter describes and discusses a three-dimensional numerical analysis of the excavation 
of a new tunnel beneath an existing one. The site used for this set of analyses is the one at the 
edge of Hyde Park, where the new Crossrail tunnel has been excavated below the axis of the 
Central line tunnels (the same site covered in Chapters 3 and 5). Some simplifications of the exact 
site geometry were made for the problem to be simulated in a computationally efficient way. The 
most important simplifications is that the interaction effects were investigated considering only 
one Central line tunnel and one Crossrail tunnel. After modelling the construction of the Central 
line tunnel and the consolidation period since then, the Crossrail excavation was modelled using a 
step-by-step approach. The soil movements due to the new excavation are presented focusing on 
how the presence of the existing tunnel affects them. The behaviour of the Central line tunnel is 
monitored in terms of hoop forces, bending moments and lining deformations both 
circumferentially and longitudinally. Results are presented for different positions of the Crossrail 
excavation face. Comparisons with real monitoring data are presented wherever possible. The 
effect of different face pressures of the TBM on the resulting soil and existing lining behaviour is 
also investigated. Finally the effect of anisotropic stiffness of the Central line tunnel lining is 
investigated and conclusions drawn. In all the analyses performed the finite element code ICFEP 
was used.  
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6.1 Introduction 
As discussed in Chapter 2, tunnel excavation is clearly a three-dimensional (3D) process 
resulting in soil movements in both the longitudinal and the transverse directions to the tunnel 
axis. Several researchers have performed 3D numerical analyses investigating this problem. 
Frequently numerical research has focused on the effect of new tunnel excavation on existing 
tunnels with parallel axes as this situation can be modelled in 2D (see Chapter 2). However, limited 
research exists investigating numerically the effect of a new tunnel excavation on an existing 
tunnel with their axes being on different levels and at a skew angle. This 3D problem is demanding 
and computationally expensive to investigate numerically.  
Several simplifications of the original geometry of the problem (see Figures 6.1 and 5.2) have 
been assumed for the problem of the intersection of the Central line twin tunnels under 
Bayswater Road with the new twin Crossrail tunnels to be investigated. The major simplification 
was that only one Central line tunnel and one Crossrail tunnel intersecting at 90° were simulated. 
3D numerical analysis was performed, with the Crossrail tunnel construction simulated with a 
step-by-step approach (Katzenbach & Breth, 1981) while for the Central line tunnel the volume 
loss control method was applied (see Section 3.2.7). The soil movements due to the new Crossrail 
tunnel excavation are presented and commented upon. Attention is focused on the effect of the 
presence of the Central line tunnel on the predicted soil behaviour. The Central line tunnel lining 
deformation characteristics, internal forces (axial forces and bending moments) both in the 
circumferential and longitudinal directions are presented and comparisons with field data 
(wherever possible) are made. Since the Crossrail tunnel construction was simulated using the 
step-by-step approach, the observations on the Central line tunnel lining have a progressive 
character. As such, attention was given to identify the position of the Crossrail excavation face at 
which the Central line tunnel lining suffered the most. Moreover, a way of modelling the face 
pressure of the Earth Pressure Balance machine is proposed and a parametric analysis varying its 
magnitude was performed in order to investigate its effect. Another factor examined is the effect 
of the modelling of the longitudinal connections between successive tunnel lining rings of the 
Central line tunnel. They were ‘modelled’ artificially by varying the longitudinal stiffness of the 
elements representing the lining (see Section 6.6). Finally, conclusions are drawn highlighting 
which aspects of modelling are important when analysing such a complicated 3D problem and 
under which circumstances realistic predictions can be made. 
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6.2 Description of the numerical model 
6.2.1 General site information and geometric simplifications of the numerical model 
Figure 6.1 presents the general layout of the crossing area of the new Crossrail tunnels with the 
existing Central line tunnels. As shown, the Crossrail tunnels axes form a 40° angle with the axes of 
the Central line tunnels. In the figure, the originally proposed in-tunnel monitoring scheme is also 
presented (proposed by Yu, 2014). For comparison purposes, in this chapter, measurements from 
the tape extensometers and fibre optic cable will be used in Sections 6.4.3 and 6.4.4, respectively.  
 
 
Figure 6.1: Layout of the site of interest with the position of the originally proposed in-tunnel 
instrumentation (after Yu, 2014). 
 
In Figure 6.2 the relative position of the two Central line tunnels with respect to the alignment 
of the two new Crossrail tunnels is presented. The Central line tunnels axis is at 24m below ground 
level (this is slightly different to that used in the analysis presented in Chapter 3 since more 
accurate information was available at the time of the present analyses). The distance of the invert 
of the Central line tunnels to the crown of the Crossrail tunnels varies between 4.2m and 4.9m. 
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Figure 6.2: Relative position of the Central line tunnels with respect to the Crossrail tunnels (after 
C122 Assessment Report: LU/05 Central Line East of Lancaster Gate- C122-OVE-C2-RAN-
B071_WS077-00001 Rev 4.0). 
 
The Crossrail tunnels in this section of the project were constructed by Earth Pressure Balance 
machines. Each ring consists of 8 segments; 5 ordinary plates, 2 top plates and a key. The 
segments are bolted together. Each ring is 1.5m long, grouted with the tunnels internal and 
external diameters being Din=6.2m and Dex=6.8m, respectively. The concrete grade used was 
C50/60 while the steel fibre dosage was 30-40kg/m3 in order to achieve post-cracking load 
carrying capacity. The above specifications cab be found in ‘Bored tunnel segmental linings - 
Conceptual design statement - Document Number: C122-OVE-C4-XST-CRG01-00007 Rev3.0’ issued 
by Crossrail. The description of the Central line tunnel can be found in Section 3.2.1 
The soil stratigraphy at the site was identified based on the site investigation that was 
performed for the extensive monitoring scheme at this particular site (which was part of the 
Imperial College London research) as described in Chapter 5 based on the deepest of the 
boreholes performed (HP6, Appendix C). The adopted soil layering is shown schematically in Figure 
6.3. 
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Figure 6.3: Soil profile and general geometry adopted for the 3D analysis. 
 
Despite the fact that the whole geometry of the problem was very well identified, some 
assumptions needed to be made in order for the problem to be simulated numerically in a 
computationally efficient way. If both of the Central line tunnels and the excavation of both of the 
Crossrail tunnels were to be simulated successively the finite element mesh that would be needed 
would be extremely demanding in terms of degrees of freedom since the number of elements 
required would be large. The situation would be even worse if the skew angle of the two 
alignments was to be modelled since it would not be possible to take advantage of any plane of 
symmetry. For instance, with only one Central line tunnel and one Crossrail tunnel at a skew angle 
beneath it, an initial attempt at generating a finite element mesh with a rather crude geometry 
around the tunnels (sacrificing considerably the accuracy of the results), indicated that more than 
100000 elements would be needed. In the view of this, the approach taken was: 
a. to perform a series of analyses to investigate the general problem, of how a new tunnel 
excavation (with alignment not parallel to the existing tunnel) would affect the existing tunnel 
and  
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b. to investigate the above mentioned problem in both an accurate and a computationally 
efficient way (allowing a series of numerical analyses to be conducted in a reasonable time 
frame). 
A number of assumptions were implemented as follows. 
i. Only one Central line tunnel and one Crossrail tunnel were simulated. 
ii. The axes of the two tunnels simulated were assumed to intersect perpendicularly so as to 
take advantage of symmetry (see Section 6.2.3).  
iii. The clearance between the invert of the Central line tunnel and the crown of the Crossrail 
tunnel was assumed to be exactly 5m (slightly larger than the actual clearance on site of 4.2-
4.9m) due to restrictions during the generation of the mesh. 
iv. Each ring of the Crossrail tunnel was assumed to be 2.0m in width (instead of 1.5m) so as to 
reduce the number of increments and the computational time without sacrificing accuracy 
(see Sections 6.2.3 and 3.2.7). 
In Figure 6.3 the relative position of the two tunnels is shown in a plane parallel to the Crossrail 
tunnel axis and perpendicular to the axis of the Central line tunnel (i.e. the axis of symmetry of the 
mesh used, see Section 6.2.3). 
 
6.2.2 Different analyses performed and analysis sequence 
Several analyses were performed and each one involved 85 increments. The stages of each 
analysis involve the deactivation of the shell elements representing the two tunnels (at increment 
0 before the analysis begins) , the excavation and construction of the Central line tunnel which 
was a volume loss control procedure (see Section 3.2.7) , the modelling of the consolidation period 
of 100years from the Central line tunnel construction until the beginning of the Crossrail tunnel 
construction and finally the step-by-step excavation and construction of the Crossrail tunnel (see 
Section 3.2.7). In Table 6.1 the analysis stages and the respective increments are summarised. The 
volume loss assumed for the Central line tunnel was vL=1.6% (vL=1.5% was assumed for the 
Central line tunnels in the analyses of Chapter 3) because the excavation/construction of this 
tunnel was performed in only 10 increments as attention was given to minimise the number of 
increments rather than achieve the assumed ‘target’ volume loss of 1.5%. The excavation of the 
whole length of the Central line tunnel was simulated to be completed in less than 100hours (note 
that each ring in reality was erected in less than 20minutes Dalrymple-Hay & Jenkins, 1900). The 
consolidation period was modelled in just 15 increments compared to the 50 that were used in 
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Chapter 3. Finally, the excavation/construction of the Crossrail tunnel was performed over 60 
increments; each increment represents an excavation and subsequent construction of a 2m ring 
(see Section 3.2.7). The Crossrail tunnel length considered was 120m and its 
excavation/construction was modelled to be completed with a rate of 100m/week. 
 
Table 6.1: Finite element analysis stages. 
Analysis stages Increment numbers  
Deactivation of the shell elements representing 
the linings of the two tunnels 
0 
Excavation of Central line tunnel 1-10 
Construction of the Central line tunnel lining 6 
Consolidation period of 100years 10-25 
Step-by-step excavation/construction of the 
Crossrail tunnel 
26-85 
 
For the reference case, the Crossrail tunnel was excavated assuming the face pressure of the 
Earth Pressure Balance machine was 200kPa and the Central line tunnel lining was modelled with 
isotropic shell elements (see Section 6.2.4). This analysis is presented and commented upon first. 
The 200kPa (2.0bar) face pressure used was the actual mean face pressure as measured by eight 
face pressure transducers inside the pressure chamber of the Earth Pressure Balance machine as 
shown in Figure 6.4. Subsequently, two series of parametric analyses were performed. In the first 
one the effect of the face pressure on the behaviour of both the soil and the existing tunnel lining 
was investigated varying its value from 0kPa to 2000kPa (i.e. 0-20bar). In the second one the effect 
of the longitudinal stiffness of the Central line tunnel lining was examined. This was conducted so 
as to identify whether a reduction in the longitudinal axial and bending stiffness of the Central line 
lining (shell elements) is an effective way to take into account the longitudinal joints between 
successive rings (see Section 6.6). 
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Figure 6.4: Face pressure monitored along the chainage in the vicinity of the intersection of the 
Central line and the Crossrail tunnels alignments.  
 
6.2.3 Spatial discretization and analysis details 
Figure 6.5 illustrates the 3D mesh used for the analyses presented in this chapter. It consists of 
21528 20-noded hexahedral isoparametric solid elements, for modelling the soil, and 1031 8-
noded shell elements (Schroeder, 2003) for modelling the two linings, 719 of which simulate the 
Crossrail tunnel lining. As noted above, the alignments of the two tunnels were set to cross 
perpendicularly. This enables advantage of the symmetry to be taken and only half of the Crossrail 
tunnel was simulated. The axis of the Central line tunnel runs along the negative x direction (from 
0m to -110m) and the axis of the Crossrail tunnel runs along the negative z direction (from 120m 
to 0m). Each node of the solid elements has three degrees of freedom one for each component of 
displacement (u, v and w) and the 8 corner nodes have an additional one for the pore water 
pressure degree of freedom. The shell elements have the same 3 displacement degrees of 
freedom and in addition 3 rotational degrees of freedom.  
The depth of the mesh was imposed by the adopted stratigraphy while the width and the 
length of the mesh by the need for the lateral vertical boundaries to be at such a distance, from 
the tunnels axes, so as not to affect the results due to the construction of the two tunnels. Since 
the Central line tunnel was constructed with a plane-strain procedure (volume loss control 
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method, see Section 3.2.7) the only restriction imposed was for the lateral boundaries (boundaries 
perpendicular to the z direction) to be placed far enough so as to allow the settlement trough to 
develop. This was achieved as the distance of the axis of the tunnel to the closest vertical lateral 
boundary is 60m which is more than 6iz. In a similar way, the lateral vertical boundary of the 
Crossrail tunnel (perpendicular to the x direction) was placed at a distance of 110m (more than 
6ix). 
 
 
Figure 6.5: Finite element mesh used for the 3D analysis of the Hyde Park site. 
 
Regarding the step-by-step excavation/construction of the Crossrail tunnel, various parameters 
were taken into consideration for defining the geometric details of the mesh in the direction of 
tunnel advancement. As discussed in the literature review in Chapter 2, Franzius (2005) 
investigated the influence of the FE mesh geometry on the results (settlements etc.) due to 
tunnelling. He concluded that the excavation length (Lexc) which is the incremental unsupported 
length of soil due to the excavation face advancement, the tunnel length (Ltun) that is the total 
length over which the tunnel is excavated/constructed and the soil length in front of the final 
tunnel face (Lsoil) influence the results considerably and need to be carefully selected. The tunnel 
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length was 120m (i.e. Ltun=120m almost 20D as shown in Figure 6.5). The vertical boundary of the 
mesh perpendicular to the Crossrail tunnel axis was placed at a distance of 50m (Lsoil=50m around 
8D) in front of the final position of the face of the Crossrail excavation. The analysis results 
presented in the subsequent sections of this chapter confirm that both Ltun and Lsoil were sufficient 
since ‘steady-state’ conditions was achieved, especially for any transverse (to the Crossrail 
alignment) section in the close vicinity of the Central line tunnel axis (which gives confidence that 
the Central line tunnel lining behaviour has been, accurately simulated). The large diameter of the 
Crossrail tunnel and the necessity for adequate Lsoil and Ltun lengths resulted in a relatively big (in 
terms of dimensions) mesh. Finally, concerning the excavation length (Lexc), because of its pivotal 
influence on the computational time, a compromise was made. The Lexc was 2m which is small 
enough not to result in an unrealistically high volume loss but too large to replicate each Crossrail 
ring’s width (1.5m). It was computationally very demanding to reduce the size of the excavation 
length to 1.5m as this would result in approximately 30% more elements which would increase the 
calculation time significantly. In front of the final face of the Crossrail tunnel (i.e. for negative z) 
and transversely away from Crossrail tunnel axis (i.e. negative x) the mesh generated was made 
coarser, as the influence of the Crossrail tunnel excavation reduces.  
The analyses performed involved coupled consolidation for all solution increments. All the 
analyses were performed with ICFEP in 3D and 2*2*2 integration was used. An accelerated 
modified Newton-Raphson technique with an error-controlled substepping stress point algorithm 
was used as the solver for the non-linear Finite Element equations (Potts & Zdravković, 1999). 
Each analysis presented in this chapter took between 15-20 days to complete. 
 
6.2.4 Soil and tunnel lining constitutive models 
The analyses presented in this chapter used a combination of a pre-yield non-linear elastic 
model (J4) coupled with Mohr-Coulomb yield and plastic potential surfaces for all the soil layers 
apart from the superficial deposits which were modelled as linear elastic perfectly plastic with  
Mohr-Coulomb yield and plastic potential surfaces. The same model parameters as the ones used 
in Chapter 3 (see Appendix A) were adopted. Employing the kinematic hardening model used in 
Chapters 4 and 5 was considered as it was shown to result in more realistic soil behaviour due to 
tunnelling. However, additional analysis increments are required to simulate the previous stress 
history and each increment needs more iterations for convergence to be achieved. To improve 
numerical stability, the use of a larger number of smaller increments may be necessary. These 
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additional increments would have resulted in the computational time becoming prohibitive. 
Besides this chapter investigates the interaction of the two tunnels assuming a simplified 
geometry and does not aspire to achieve excellent agreement with measured field data. The soil 
models used are thought to be adequate for this purpose. 
The tunnel linings were represented by elastic isotropic shell elements (Schroeder, 2003). Each 
ring of the Central line tunnel lining is formed by 26 elements while the half perimeter of the 
Crossrail lining is formed by 12 shell elements. The joints between the segments of each ring were 
not modelled. The properties of the linings were calculated based on the dimensions given in 
Section 6.2.1. In particular for the Central line tunnel lining, the unit weight is γ=69.16kN/m3, the 
Young’s modulus is E=100000MPa and the Poisson’s ratio is ν=0.26. Since the exact segment 
geometry could not be modelled, the shell thickness was set to be t=0.0781m so that the second 
moment of area per unit metre was equal to that of the original segment (see section 3.2.5). The 
Crossrail tunnel lining was modelled to have a unit weight γ=30kN/m3, Young’s modulus 
E=40000MPa, Poisson’s ratio ν=0.15 and shell thickness t=0.60m. The shear correction factor for 
both tunnel linings was k=0.8. Finally, for the analysis where the longitudinal stiffness of the 
Central line tunnel lining was reduced (as a way of taking into consideration the stiffness of the 
joints between successive rings) anisotropic elastic shell elements were used to model the lining 
with their longitudinal axial stiffness being 1% of their circumferential one. The same assumption 
holds for their rotational stiffness associated with their longitudinal rotations. 
 
6.2.5 Initial conditions 
The initial conditions for the analyses were based on those described in Chapter 3 assuming 
that the permeability (the anisotropic permeability model was used) and K0 profiles match at the 
base of unit B of the London clay since the B2 London clay unit has different thicknesses in the two 
Chapters. This assumption slightly altered the pore water pressure profile making it less 
underdrained. The three profiles are summarised in Figure 6.6.The compatibility of the pore water 
pressure profile with the permeability profile was checked and satisfied before initiating the 
analysis. The above mentioned changes were accompanied by changes in the total vertical 
stresses arising from the differences in the soil stratigraphy.  
 
CHAPTER 6: THREE-DIMENSIONAL ANALYSIS OF THE CROSSRAIL TUNNELS BENEATH CENTRAL LINE TUNNELS 
276 
 
Figure 6.6: Initial a) pore water pressure, b) permeability and c) K0 profiles adopted for the 3D 
analysis. 
 
6.2.6 Boundary conditions 
Throughout each of the analyses performed, the movements in all the three directions (x, y and 
z) were restricted on the bottom boundary of the 3D mesh. In addition, all the lateral boundaries 
were prevented from moving in a direction normal to the boundary while the remaining 
components were not restricted. The top boundary of the mesh was free to move in all three 
directions.  
Concerning the excavation/construction of the Central line tunnel a volume loss control 
method was applied as described in Section 3.2.7. This implies that the Central line tunnel 
construction was modelled in a plane-strain way. This was because only the effect of the new 
tunnel construction needed to be simulated in a 3D way. As such, the excavation/construction of 
the Crossrail tunnel followed a step-by-step approach (Katzenbach & Breth, 1981) modelling also 
the face pressure of the Earth Pressure Balance machine used. This procedure is graphically 
represented in Figure 6.7.  
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Figure 6.7: Sequence of the step-by-step excavation adopted for the Crossrail tunnel. 
 
In each increment of the excavation/construction of the Crossrail tunnel, soil elements in front 
of the previous face of the excavation are excavated and, simultaneously, a pressure is applied to 
the new tunnel face which is located at Lexc in front of the previous tunnel face. The shell 
elements representing the lining are also constructed during this increment but their stiffness is 
only activated at the end of the increment allowing soil movement into the tunnel. When the 
tunnel is advanced again, the next set of soil elements is excavated and consequently the active 
boundary of the mesh changes and the face pressure which was applied on the previous boundary 
disappears with the excavated elements. This procedure is repeated for all the tunnel excavation 
steps. The above described excavation /construction sequence is not volume loss controlled. The 
volume loss of such a procedure depends on the excavation length (Franzius, 2005a) while the 
effect of the face pressure will be examined subsequently. 
As the analyses employed coupled consolidation, hydraulic boundary conditions were also 
defined. No change of pore water pressures was applied throughout the analyses at the top of the 
London clay and at the bottom of the Upper Lambeth group leaving their interface with the non-
consolidating elements (of the superficial deposits and Lower Lambeth group) free to drain. During 
the excavation of the Central line tunnel and the subsequent 100years consolidation period the 
two lateral boundaries (normal to the z direction) were free to drain (i.e. no change in pore water 
pressure) being far away from the tunnel. The remaining two vertical boundaries (normal to the x 
direction) were impermeable as they are planes of symmetry. During the Crossrail tunnel 
excavation all the vertical boundaries were considered as impermeable apart from the one which 
CHAPTER 6: THREE-DIMENSIONAL ANALYSIS OF THE CROSSRAIL TUNNELS BENEATH CENTRAL LINE TUNNELS 
278 
is far away from its axis (normal to the x direction) which was free to drain. Around the perimeter 
of the Central line tunnel a zero pore water pressure was prescribed allowing water to flow into 
the tunnel (permeable lining). No flow from the Central line tunnel to the surrounding soil was 
encountered as its excavation procedure did not generate tensile pore water pressures in the 
surrounding soil. Finally, the Crossrail tunnel was assumed to be completely impermeable. 
 
6.3 Soil response due to the Crossrail tunnel excavation: Reference case 
In the following sections the soil response due to the Crossrail tunnels (CR) 3D excavation is 
presented. This is done by assesing surface settlements both in the transverse and longitudinal 
directions relative to the tunnel axis for different positions of the Crossrail excavation face. All the 
results refer to the reference case analysis in which the tunnel face pressure was 200kPa and the 
Central line tunnel lining was simulated with isotropic shell elements. Before presenting any 
results due to the Crossrail tunnels step-by-step excavation the short and long-term surface 
settlements due to the volume loss controlled excavation of the Central line tunnel (cl) are shown 
in Figure 6.8. As can be observed, in the short term the trough of any transverse section above the 
axis of the Central line tunnel in 3D is almost identical to the one achieved by a respective 2D 
analysis. This confirms that the Central line tunnel excavation was indeed performed in a two-
dimensional way (volume loss controlled). In addition the long-term trough results in a maximum 
surface settlement of 3cm (Figure 6.8) which is reasonable compared with the 7cm that was the 
maximum settlement in the analysis performed in Chapter 3 in which both Central line tunnels 
were modelled (permeable lining case).  
 
 
Figure 6.8: Short and long-term settlement troughs due to Central line tunnel excavation. 
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6.3.1 Transverse settlement predictions 
As the Crossrail tunnel progresses settlements develop on the surface of the mesh. In Figure 
6.10 transverse (to the Crossrail tunnel axis) settlement troughs are presented for sections located 
at different horizontal distances from the axis of the Central line tunnel (i.e. ±30m, ±14m, ±10m, 
±6m, ±2.5m and just above the axis of the Central line tunnel). Each one of these graphs includes 
surface troughs for different positions of the Crossrail tunnel’s excavation face (see Figure 6.9). 
These positions are named as behind or in front (the Central line axis) depending on whether they 
are located prior to or after the Central line axis (see Figure 6.9). This terminology is used 
consistently throughout the rest of this chapter. It is observed that for all the monitoring sections 
the settlement development accelerates as the Crossrail tunnel face approaches it and has its 
largest increase when the Crossrail tunnel face is between -10m to +10m from each section. As the 
Crossrail tunnel excavation progresses further from this area, more settlement develops but at a 
decreasing rate. It is also worth noting that for all the sections apart the last one (i.e. +30m) the 
settlement trough reaches a ‘steady-state’ with negligible additional settlement (less than half a 
millimetre) occurring for the last 20m of the Crossrail advancement.  
 
 
 
Figure 6.9: Position of transverse monitoring sections relative to the Central line tunnel axis. 
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Figure 6.10: Transverse settlement troughs due to the Crossrail tunnel excavation at monitoring 
sections at different distances from the Central line tunnel axis. 
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The last monitored section (+30m from the Central line tunnel axis) has not yet reached a 
‘steady-state’ as it is much closer to the final Crossrail tunnel face position considered in the 
analysis (-30m from the final face position of the Crossrail tunnel excavation). This indicates how 
important the effect of the relative position of the final excavation face to the monitoring section 
under investigation, in a 3D problem, is. ‘Steady-state’ has been reached in Figure 6.10 (a) to (j) 
revealing that the results referring to the Central line tunnel and any section behind its axis or 
approximately up to 15m in front of it can be considered as reliable without any influence from 
the boundaries. 
As far as the shape of the settlement troughs is concerned, it seems that it does not change 
either for various positions of the Crossrail tunnel excavation face in relation to a certain 
monitoring section or between different monitoring sections. In fact, the normalised settlement 
troughs for the final face position of the Crossrail tunnel excavation for all the monitoring sections 
are presented in Figure 6.11 and they are identical. This implies that in a transverse direction, to 
the Crossrail’s tunnel axis, the presence of the existing tunnel does not affect the width/shape of 
the settlement troughs. 
 
 
Figure 6.11: Normalised surface troughs at the end of Crossrail excavation at different monitoring 
sections. 
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Figure 6.12 shows the evolution of volume loss with the advancement of the Crossrail tunnel 
excavation face for all the monitoring sections. It is observed that the volume loss increases with a 
very small rate over the last few meters of Crossrail tunnel advancement for all the monitoring 
sections apart from the one at +30m from the Central line tunnel axis. This also illustrates that a 
satisfactory ‘steady-state’ has been achieved for the greatest part of the mesh. The arrows above 
each curve indicate the position at which the tunnel face reaches the respective monitoring 
section. The thick grey line is the envelope of the volume loss achieved once the Crossrail tunnel 
excavation face reaches each section. This envelope shows that despite the fact that the ultimate 
volume loss at the end of the Crossrail tunnel excavation is constant for all the monitoring 
sections, the rate that the surface settlements develop is different for each one and it is affected 
by the presence of the Central line tunnel. In particular, for the monitoring section 30m behind the 
axis of the Central line tunnel (i.e. -30m) the volume loss achieved, once the new excavation is 
directly below it, is 1.2% and can be considered as the least affected by the existence of the 
Central line tunnel (i.e. the closest to green-field behaviour). However, the volume loss achieved 
at sections closer to the Central line tunnel axis, when the Crossrail tunnel face is directly below 
each one of them, increases reaching a maximum of 1.55% at the section 6m behind the Central 
line tunnel axis (i.e. -6m). It, then, decreases as the Crossrail tunnel face approaches and passes 
below the Central line tunnel stabilising at 1.4% (i.e. +10m, +14m and +30m). It seems that due to 
the previous construction of the Central line tunnel, the soil adjacent to it has become softer. The 
Central line tunnel lining itself, though, stiffens the soil in its close vicinity before, directly above 
and in front of its axis causing a subsequent small decrease of the volume loss. 
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Figure 6.12: Volume loss evolution due to Crossrail excavation on different transverse sections. 
 
The rate at which the settlement is occurring as the Crossrail tunnel face approaches and passes 
by the different sections is shown in Figure 6.13. The maximum settlement for any Crossrail face 
position (i.e. the settlement at x=0m) of any particular section is normalised by the maximum 
settlement which occurred at the same section at the end of the Crossrail tunnel excavation and is 
plotted against the distance of the current Crossrail tunnel face to each respective monitoring 
section. When this distance is zero the Crossrail tunnel face is directly below each monitoring 
section. The curve corresponding to the section 10m behind the Central line tunnel axis (i.e. -10m) 
shows that the evolution of settlement is much faster than the one considered to represent green-
field conditions (i.e. -30m). This is indicative of a softer soil response due to the effect of the 
presence of the Central line tunnel. For the section at the central line axis, it is observed that the 
development of settlement is even faster until the Crossrail tunnel face is below it, since the 
additional stiffness due to the Central line tunnel lining has not yet had an influence, while once it 
moves past the Central line tunnel axis, the curve becomes similar to the one for the -10m section 
implying that the presence of the existing tunnel affects them both. Moreover for the section at 
10m in front of the Central line axis (i.e. +10m) , the rate of the settlement progress is less 
(compared to the previous ones) until the Crossrail tunnel face is just below it since the Central 
line tunnel lining presence adds to the soil stiffness, while after it passes in front of it the rate is 
exactly the same as the previous two monitoring sections as the Central tunnel lining presence 
affects them all in the same way. 
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The transverse settlement profiles due to the Crossrail tunnel excavation can be summarised as 
follows. 
a. Satisfactory ‘steady-state’ is achieved up to 15m in front of the Central line tunnel axis (i.e. 
+15m). 
b. ‘Green-field’ conditions can be considered 30m behind the Central line tunnel axis (i.e. -30m). 
c. The shape of the settlement troughs at different transverse sections is not affected by the 
presence of the Central line tunnel. 
d. Slightly more settlement/ volume loss is experienced at sections up to 6m behind the Central 
line tunnel axis while it decreases closer to and in front of it due to the additional stiffness of 
the Central line tunnel lining. 
e. The rate at which the settlements develop in the close vicinity of the Central line tunnel axis is 
faster in sections behind and up to the Central line tunnel axis compared to sections in front of 
it, until the Crossrail tunnel face passes below them; while the rate becomes similar for further 
Crossrail tunnel face advancement. 
 
 
Figure 6.13: Settlement evolution with respect to CR tunnel face position at different monitoring 
lines (transverse to CR tunnel axis). 
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6.3.2 Longitudinal settlement predictions 
In Figure 6.14 longitudinal surface settlement profiles obtained from the analysis are 
summarised. Each graph presents surface settlement profiles for different positions of the 
Crossrail tunnel excavation face (every 10m.). Each graph is plotted along a different longitudinal 
monitoring line (i.e. parallel to the Crossrail tunnel axis). These monitoring lines are located just 
above the Crossrail tunnel axis and at 2.5m, 5.0m, 10.0m, 20.0m and 30.0m away from its axis. The 
position of the Crossrail tunnel face for each curve is indicated by an arrow and the position of the 
Central line tunnel is superimposed by the thick grey line (indicative of the tunnel diameter). 
Figure 6.15 shows the respective normalised longitudinal settlement profiles for the same 
monitoring lines and for the same Crossrail tunnel face positions.  
The graphs of both figures demonstrate that during the first 50 m of the Crossrail tunnel 
excavation (grey lines) the surface settlement profile has the expected shape of a cumulative error 
curve (Attewell & Woodmann, 1982) for all the monitoring sections, regardless of the distance 
from the Crossrail tunnel axis. As the Crossrail tunnel excavation progresses and passes below the 
Central line tunnel axis the profiles start deviating from this shape. The settlement trough deepens 
exhibiting a maximum 15-20m behind the Central line tunnel axis. The settlement keeps increasing 
in the area behind the Central line tunnel axis and the position of the maximum settlement moves 
towards the Central line tunnel axis as the Crossrail tunnel excavation progresses. In fact, Figure 
6.15 reveals that the position of the maximum settlement moves progressively towards the 
Central line tunnel axis and stabilises at approximately 15m behind it. This is achieved once the 
Crossrail tunnel excavation face is 20m in front of the Central line tunnel axis. For further 
advancement of the Crossrail tunnel excavation, in front of the Central line tunnel axis, the shape 
of the longitudinal surface trough changes again. The final surface settlements decrease locally 
around the Central line tunnel axis due to its stiffer lining compared to the surrounding soil. An 
overall combined effect of both soil relaxation in the vicinity of the Central line tunnel axis (due to 
the Central line tunnel excavation/construction procedure followed) and a stiffening of the ground 
(due to the stiffness that the Central line tunnel lining adds to the system’s stiffness) around the 
Central line tunnel axis is being revealed as the Crossrail tunnel excavation progresses.  
The longitudinal settlement profiles of Figure 6.14 indicate that there is still some on-going 
movement over the entire length of the finite element mesh for the last few metres of the 
Crossrail tunnel excavation. This would indicate that a ‘steady-state’ condition has not yet been 
achieved. However, the additional settlement along the first 80m of the Crossrail tunnel 
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excavation length is less than 0.08mm while towards the end of its excavation length the 
additional settlement is less than 0.25mm. Bearing in mind the limitations in terms of 
computational time and resources for 3D analyses and the fact that the additional settlement over 
the last 10m of the Crossrail tunnel excavation is negligible in engineering terms, the results, at 
least, along the initial 80m, of the Crossrail tunnel excavation length can be considered to have 
reached a ‘steady-state’. 
All the above comments hold for all the monitoring sections no matter what their distance is 
from the Crossrail tunnel axis (see Appendix E, Figures E.1 & E.2). Of course, the magnitude of the 
surface movements decreases with distance from the Crossrail tunnel axis. Additionally it can be 
noted that as the further away the monitoring section is from the Crossrail tunnel axis, the less 
obvious becomes the effect of the presence of the Central line tunnel on the surface settlements. 
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Figure 6.14: Longitudinal surface settlement profiles for monitoring lines of different distance from 
the Crossrail tunnel axis for various Crossrail tunnel face positions.  
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Figure 6.15: Normalised longitudinal surface settlement profiles for monitoring lines of different 
distance from the Crossrail tunnel axis for various Crossrail tunnel face positions. 
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Summing up the soil response due to the step-by-step excavation of the Crossrail tunnel under 
the presence of the Central line tunnel differs from the anticipated soil’s response due to a single 
3D tunnel numerical excavation simulation. The changes reflect mainly the soil disturbance due to 
the construction of the already existing tunnel in some parts of the mesh and the stiffer response 
of the soil-tunnel system in the close vicinity of the existing tunnel. Numerically this can be shown 
with the aid of the stress level (S) which is defined as the current deviatoric stress over the 
deviatoric stress at failure (Jcur./Jmax). In Figure 6.16 the stress level is plotted for two 
increments: just before starting the Crossrail tunnel excavation and after the end of the Crossrail 
tunnel excavation. Values of S close to 1 indicate that the stress path of a soil element in this area 
is moving closer to failure and as such indicates softer response and more movement. It can be 
noted in Figure 6.16b that the Crossrail tunnel excavation makes the ground elements adjacent to 
its axis have stress paths moving closer to the failure line and this effect decreases with increasing 
distance from its axis. Moreover the oval-shaped contours at the axis of the Central line tunnel 
could indicate the stiffening of the soil at this location which was reflected in the ground surface 
settlements.  
 
 
(a)         (b)  
Figure 6.16: Contours of stress level (a) prior to the Crossrail tunnel excavation and (b) after the 
completion of the Crossrail tunnel. 
 
6.4 Central line tunnel response: Reference case 
6.4.1 Hoop force and bending moment distributions  
In Figure 6.17 the circumferential hoop force and bending moment distributions around the 
tunnel lining are presented. They refer to the shell elements forming the first ring of the Central 
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line tunnel, which is positioned directly above the Crossrail tunnel axis. Each plot includes the 
distributions for different positions of the Crossrail tunnel face. It can be observed (Figure 6.17a 
and b) that the distributions around the tunnel lining, as the Crossrail tunnel excavation 
progresses, change resulting in less uniform distributions compared to the situation prior to the 
Crossrail tunnel excavation. In the bending moment diagram (Figure 6.17c) the radial distance 
from the thick black line represents the magnitude of the bending moment to the scale given. 
The distribution of hoop forces (Figure 6.17a) fluctuates around 370kN/m prior to the 
beginning of the Crossrail tunnel excavation. It remains, almost, identical until the Crossrail tunnel 
face reaches 10m behind the Central line tunnel axis, when it starts changing. The distribution 
changes even more when the Crossrail tunnel face is just below the Central line tunnel axis, 
resulting in the most non-uniform distribution. For further Crossrail tunnel advancement the hoop 
forces equilibrate to a new distribution and remain unchanged for the last 30m of the Crossrail 
tunnel excavation.  
The circumferential bending moments follow a similar trend as the hoop forces (see Figure 
6.17b). They start changing significantly when the Crossrail tunnel excavation is 10m behind the 
Central line tunnel axis and show their largest difference when the Crossrail tunnel is directly 
below it. They finally equilibrate to a new distribution around the lining for the last 30m of the 
Crossrail tunnel advancement. As the Crossrail tunnel approaches the Central line tunnel axis, the 
arcs of the lining in the first and third quadrant, defined by the horizontal axis of the tunnel and 
the position of its right shoulder and its left haunch, respectively, (looking in the –x direction) start 
experiencing tension at the extrados. The remaining part of the lining experiences tension at the 
intrados. When the face of the Crossrail tunnel is below the Central line tunnel axis, more tension 
at the extrados is experienced around the left haunch and the right shoulder. The bending 
moment magnitude is greatest at this phase of the analysis, reaching 15kNm. Generally an 
anticlockwise rotation of the arcs experiencing tension at the extrados is noticed (see Figure 
6.17c), which continues to be observed with advancement of the Crossrail tunnel in front of the 
Central line tunnel axis. In the final bending moment diagram (stable for the last 30m of the 
Crossrail tunnel advancement) tension at the extrados of arcs centred around the invert and the 
crown and tension at the intrados for arcs centred around the horizontal axis of the tunnel is 
indicated.  
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Figure 6.17: Circumferential hoop forces and bending moments in the shell elements forming the 
ring directly above the Crossrail tunnel axis. 
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Figure 6.18 presents the changes in the hoop force and bending moment distributions caused 
by the excavation of the Crossrail tunnel (i.e. sub-accumulated from the increment prior to the 
beginning of the Crossrail tunnel excavation for two instances: a) when the Crossrail tunnel face is 
just below the Central line tunnel axis and b) when it reaches its final position. It should be noted 
that the maximum change was obtained for the first instance. When the Crossrail tunnel face was 
directly below the Central line tunnel axis, the hoop force in the first and third quadrant of the 
Central line tunnel had become up to 20% more compressive. At the same time, the hoop forces in 
the second and the fourth quadrant had become up to 30% less compressive. When the Crossrail 
tunnel face reached its final position, changes in hoop forces up to ±10% remained. The hoop 
force became more compressive around the crown while it decreased becoming less compressive 
everywhere else (note that positive indicates more tensile change of the hoop force in Figure 
6.17a). The respective changes in the bending moment for the two stages of the analysis 
considered are ±12kNm/m and ±4kNm/m respectively. These differences are significant since the 
bending moments in the Central line tunnel lining varied from -2kNm to 2kNm prior to the 
Crossrail tunnel excavation. 
 
 
Figure 6.18: Changes in circumferential a) hoop force and b) bending moments of the Central line 
tunnel lining for different positions of the Crossrail tunnel face. 
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Since the distributions of both bending moment and hoop forces change significantly with the 
advancement of the Crossrail tunnel excavation, different positions around the lining experience 
different loading combinations which could potentially exceed the structural capacity of the lining 
section. In Figure 6.19 the hoop force/bending moment interaction diagram for all the integration 
points around the Central line tunnel lining for any Crossrail tunnel face position are presented. In 
the figure two envelopes defining the stress capacity of the section are also plotted. The first one 
is calculated based on the original dimensions of the segments while the second is one based on 
the assumed section of the shell elements used for the 3D analysis (see Section 6.2.4). The 
assumed section used in the 3D analysis results in more compressive capacity of the segment 
when only hoop load acts on it. However it is more conservative concerning the tensile capacity of 
the skin when either only bending moment or combined bending moment and hoop force up to 
800kN/m act on it. The combined effect of hoop force/bending moment acting on different 
positions of the ring (for any Crossrail tunnel face position) are not close to failure independently 
of which failure envelope is assumed. This implies that no structural failures (e.g. cracking of the 
lining) are anticipated. 
 
 
Figure 6.19: Circumferential hoop force–bending moment interaction diagram. 
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In Figure 6.20 the longitudinal axial forces and bending moments along the length of the 
Central line tunnel crown and invert are shown. The longitudinal axial forces remain compressive 
along both the crown and the invert and are nearly constant at about 150kN/m until the Crossrail 
tunnel is -10m from the Central line tunnel axis. Further advancement of the Crossrail tunnel 
influences their shape and magnitude. Along the crown (Figure 6.20a) , the 20m of the Central line 
lining closest to the Crossrail tunnel excavation compresses increasingly as the Crossrail tunnel 
excavation moves towards its final position. The remaining length of the Central line tunnel lining 
is subjected to tension with a local maximum almost 30m behind the Crossrail tunnel axis (plane of 
symmetry). The tensile forces increase as the Crossrail tunnel excavation moves towards its final 
position. Concerning the invert axis of the lining (Figure 6.20c) , the first 10m experience 
increasing tension with Crossrail tunnel advancement (from -10m from Central line tunnel axis up 
to its final position) while the remaining part is increasingly compressed with a local maximum 
around 20m from the Crossrail tunnel axis (plane of symmetry). The longitudinal axial force 
distribution remains the same for the last few metres of the Crossrail tunnel advancement along 
both the crown and the invert. The magnitude of maximum compression and extension is 
2000kN/m at the crown and 600kN/m at the invert.  
The variation of the longitudinal bending moment is also different along the crown and the 
invert axis but its magnitude is less than 1.5kNm/m in any case which is considered to be small. 
The tunnel lining, structurally, is not susceptible to structural failure longitudinally as both the 
compression and the tension (which is 25% of the compression) capacities of the segments are 
much larger than the applied axial stresses. The tensile forces acting might though provoke 
opening of the longitudinal joints between successive rings. However, this is not possible to check 
in the present analysis since these joints are not simulated. The effect of the longitudinal joints 
was simulated by decreasing the longitudinal stiffness of the shell elements and the results are 
discussed in Section 6.6. Finally, it is reported in Section 6.4.4 that opening of the joints was not 
actually measured in the field. 
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Figure 6.20: Longitudinal hoop forces and bending moments along the crown a) and b) and the 
invert c) and d) of the Central line tunnel lining as excavation of the Crossrail tunnel progresses. 
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6.4.2 Overall Central line tunnel displacements 
The Central line tunnel deforms in the directions of all the three global coordinates, as the 
Crossrail tunnel excavation progresses. Figure 6.21 shows plots of absolute displacement contours 
(contribution of all the three components of displacement) for different positions of the face of 
the Crossrail tunnel excavation. In each plot the displaced shape of the tunnel lining is also plotted 
to scale. Additionally, in Figures 6.22, 6.23 and 6.24 displacement contours are presented for the 
components of displacement in the directions of the three global axes (x, y and z). All the 
displacements presented in this section are sub-accumulated at each increment from the 
beginning of the Crossrail tunnel excavation (i.e. deformations attributed only to the advancement 
of the Crossrail tunnel excavation). In all the plots in Figure 6.21 the colour scale is the same so as 
meaningful comparisons can be made, while positive displacement signifies movement in the 
positive direction of the global axes (x, y and z). Sequential each colour change in this figure 
represents 1.5mm of displacement. 
Overall, the Central line tunnel lining remains, almost, undeformed for the first 30m of the 
Crossrail tunnel advancement (Figure 6.21a and b). With further advancement of the Crossrail 
tunnel from the position of -30m behind the Central line tunnel axis up to +30m in front of it 
(Figure 6.21c to i) , the deformations of the Central line tunnel evolve in the following way. Their 
magnitude is constantly increasing with the Crossrail tunnel advancement. The sections just above 
or close to the Crossrail tunnel axis are the first to deform, with sections further away starting to 
deform at a later stage (with further Crossrail tunnel’s advancement). The closer a section of the 
Central tunnel line is to the Crossrail tunnel axis, the more it displaces and deforms. Generally, 
only 30-40m of the Central line tunnel either side of the Crossrail tunnel axis, deform and the rest 
remain, practically, undeformed (deformation less than 1mm). For the last 30m of the Crossrail 
tunnel advancement (Figure 6.21j to l) the overall deformed shape of the Central line tunnel does 
not change indicating a ‘steady-state’ situation. As far as the magnitude of the displacements is 
concerned, it is controlled by its vertical component (in the y direction) with a maximum 
magnitude of 22.5mm. The displacements in the other two directions are an order of magnitude 
smaller with the longitudinal (along the Central line tunnel axis, x direction) varying from 0-
2.25mm and the horizontal, along the z direction, varying from -1.0-6.5mm see also Figures 6.22, 
6.23 and 6.24). 
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Figure 6.21: Displaced shape and contours of absolute displacement of the Central line tunnel for 
different positions of the face of the Crossrail tunnel excavation. 
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Along the longitudinal direction (x direction) of the Central line tunnel the crown elongates with 
its two end points fixed at the intersections with the lateral boundaries of the mesh and a local 
maximum 15m away from the plane of intersection (zy plane) (see Figure 6.22). Elongation occurs 
for all other longitudinal lines around the tunnel. The part of the lining that suffers the most 
significant elongation (and the point of the local maximum) is located further away from the 
intersection plane and reduces in magnitude as the line examined moves from the crown towards 
the invert axis. The deformation along the longitudinal axis can be mainly attributed to bending 
along the lining caused by its vertical settlement (due to the new tunnel excavation below it). 
Horizontal movement transverse to the Crossrail tunnel excavation (i.e. parallel to the Central line 
axis) may influence the Central line longitudinal deformations negligibly. 
At any section perpendicular to the Central line axis the vertical displacement of the lining is 
constant (see Figure 6.23) with decreasing magnitude as the distance of the section from the 
Crossrail tunnel axis increases. As noted above the vertical displacements of the tunnel are one 
order of magnitude larger than the displacement in the other two directions. This near uniform 
settlement of any section implies that the circumferential bending moments are small. Almost half 
of the vertical movement (for instance for the section just above the Crossrail axis 12mm out of 
21mm) takes place when the Crossrail tunnel advances from -10m from the Central line axis to 
+10m in front of it. The remaining displacements can be attributed to the face and the post-shield 
losses due to a 3D tunnel excavation, which also play an important role compared to the shield 
loss for evaluating an existing tunnel’s deformation due to a neighbouring tunnel excavation.  
The horizontal displacements of the Central line tunnel, in the direction of the Crossrail tunnel 
axis (see Figure 6.24), develop from the left haunch of the Central line tunnel towards the right 
shoulder (looking in the –x direction) dragging the Central line tunnel towards the opening formed 
by the Crossrail tunnel excavation. This mode of deformation continues with gradually increasing 
displacements until the Crossrail tunnel face reaches below the Central line tunnel axis. At this 
point, the maximum horizontal displacement is 6.5mm in the positive z direction. For further 
Crossrail tunnel advancement, the Central line tunnel moves in the opposite direction and finally 
returns, practically, to its initial position. The different magnitude of horizontal displacements 
along the z direction, in different positions around the tunnel, results in an ‘egg’-shaped cross-
section, with lengthening of its horizontal axis and shortening its vertical one for the first few 
metres of Crossrail tunnel advancement. The ‘egg’-shaped deformation is rotated anti-clockwise 
and increases in magnitude with the lengthening being concentrated along a chord connecting its 
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left haunch to its right shoulder and shortening in the orthogonal direction, as the Crossrail tunnel 
advances towards the Central line tunnel axis. For further advancement the ‘egg’-shaped 
deformation is, gradually, centred on the vertical axis of the Central line tunnel and reduces in 
magnitude. The lengthening and shortening of different diameters reduces as the distance of the 
section from the intersection plane increases. The cross-sectional deformations will be further 
discussed in the following section where they are also compared with field measurements. 
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Figure 6.22: Contours of displacement in the global x direction of the Central line tunnel for various 
face positions of the Crossrail tunnel face. 
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Figure 6.23: Contours of displacement in the global y direction of the Central line tunnel for various 
face positions of the Crossrail tunnel face. 
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Figure 6.24: Contours of displacement in the global z direction of the Central line tunnel for various 
face positions of the Crossrail tunnel face. 
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6.4.3 Cross-sectional deformations of Central line tunnel 
A more quantitative assessment of the deformations experienced by the Central line tunnel is 
performed in this section by looking into the cross-sectional deformations. In particular, the 
change in span of various chords/diameters of different cross-sections of the Central line tunnel 
will be presented and discussed herein. A comparison between the numerical predictions and the 
field measurements taken by digital tape extensometers are presented.  
An Ealey tape extensometer (with about ±0.1mm accuracy) was used for taking field 
measurements as part of the extensive monitoring scheme at the Hyde Park site. All the readings 
were taken by the same operative to ensure consistency. The digital extensometer was hooked 
into eyebolts secured to the tunnel using plates attached to the lining by a U-clamp system to 
measure the distance between two eyebolts (see Figure 6.25). This allowed the diameter/chord 
length changes to be monitored. A tension sensor ensured that the same tension was applied to 
the tape each time a measurement was taken. When the correct tension was reached, a green 
light switched on (red light indicated too much tension was applied). The tape extensometer 
measurements were corrected for temperature. The designations A, B, C and D shown on the 
graphs are for looking east along the Eastbound tunnel (towards Marble Arch). The measurements 
were taken at five different rings of the Eastbound Central line tunnel named R306, R336, R360, 
R378 and R402 (see Figure 6.1). Ring R336 is located directly above the alignment of the 
Westbound Crossrail tunnel. Rings R360, R378 and R402 are located 12m, 22m and 34m, 
respectively, away from ring R306 towards the East (towards Marble Arch).  
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Figure 6.25: Eyebolt locations for tape extensometer measurements in the field and in the finite 
element mesh (looking east from Lancaster Gate station/looking inside the mesh from the zy plane 
of intersection, (after Yu, 2014). 
 
The fact that the alignments of the Central and Crossrail lines intersect at a skew angle was not 
simulated in the numerical analysis. The cross-sections monitored in the numerical analysis are the 
one above the Crossrail tunnel axis, and two at distances of 10m and 20m from it. Each of them is 
compared with the field measurements of the rings R306, R336 and R378, respectively. The only 
criterion for the above comparison is the distance of the rings/sections from the axis of the 
Crossrail tunnel, ignoring that the angle at which the two tunnels cross was not simulated. 
Additionally, the position of the eyebolts in the finite element mesh was not identical with the 
field ones due to the nodal positions. In the finite element mesh, eyebolts A and D are located at 
31° above the horizontal axis of the tunnel while eyebolts B and C at 30° below it while the 
respective angles in the field were 36° and 33°, respectively (see Figure 6.25). 
In Figure 6.26 the change of the span of diameters AC and BD and chord BC as the Crossrail 
tunnel advances are presented for the three different rings/sections. Results for other chord 
positions chords are not shown herein for clarity, since they were either not monitored intensively 
in the field (AD) or their span changes are negligible (AB and CD). They can be found in Figure E.2 
(of Appendix E). 
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Figure 6.26: Change in span of different chords for different sections of the Central line tunnel and 
comparison with field measurements taken with a tape extensometer. 
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The chords/diameters monitored in the finite element analysis show that their length remains 
unaffected by the Crossrail tunnel advancement until the Crossrail tunnel’s face is almost 30m 
behind the Central line tunnel axis. From that tunnel face position and for further Crossrail tunnel 
advancement the spans monitored start changing in length until the Crossrail tunnel face is 30m in 
front of the Central line tunnel axis. For any further Crossrail tunnel advancement the length of 
the chords/diameters remains stable but deformed (lengthened/shortened) compared to their 
situation prior to the Crossrail tunnel excavation. This indicates that there is some permanent 
cross-sectional deformation of the Central line tunnel due to the Crossrail tunnel excavation.  
The diameter BD increases in length as the Crossrail tunnel approaches the Central line tunnel 
axis. When the Crossrail tunnel face is directly below the Central line tunnel axis, the length of 
diameter BD increases to a maximum. It subsequently decreases as the Crossrail tunnel moves 
forward until it stabilises. The behaviour of the diameter AC is completely symmetrical to that of 
BD. The AC span decreases as the Crossrail tunnel face approaches the Central line tunnel axis, 
reaches a minimum when it is just below the axis and for further advancement it increases until it 
stabilises to a steady-state deformed length. It is noted that the largest span changes are captured 
in the section just above the Crossrail tunnel axis (Figure 6.26a) and their magnitude decreases 
with increasing distance of the section from the Crossrail tunnel (Figure 6.26b, c). The way the two 
orthogonal diameters change their spans suggests that the most critical moment for them is when 
the new excavation is directly below the existing tunnel alignment. The chord BC, which connects 
the two haunches of the lining, deforms differently. Span BC increases in length as the Crossrail 
tunnel approaches the Central line tunnel axis and reaches a maximum when it is 5m behind it. 
The span then reduces reaching a minimum when the face of the new excavation is 5m in front of 
the axis of the existing tunnel and increases again for further Crossrail tunnel face advancement. 
The chord length changes are smaller than those for the previously mentioned diameters. The top 
chord AD shows a similar mode of length change (see Figure E.2). Finally (see Figure E.2) the 
vertical chords AB and CD show negligible span change. 
By comparing the numerical analysis results with the available field measurements, the following 
conclusions can be drawn.  
a. The field measurements revealed no change of the chords/diameters length when the Crossrail 
tunnel face was at a distance greater than 15m behind the Central line tunnel axis. In the 
numerical analysis this distance was 30m. Part of the discrepancy could be due to a difference 
in the face pressure of the EPB machine measured in the field and implemented in the 
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numerical analysis with the one actually applied to the soil in front of the EPB machine face. 
The measuring devices for the pressure are located in the back part of the excavation chamber, 
towards the machine, and it is believed (informal communication with EPB machine operators) 
that they measure less pressure than the one actually applied at the interface of the cutting 
head and the soil in front of it. This will be confirmed in Section 6.5. Another reason for the 
discrepancy is the fact that the skew angle of the two tunnel alignments in the field delays the 
effect of the Crossrail tunnel excavation being ‘felt’ by the Central line tunnel lining. 
b. The order of magnitude and the mode of evolution of the changes of all the chords/diameters 
monitored in the numerical analysis are similar to those measured in the field, once the 
Crossrail tunnel face passes the Central line tunnel axis and leaves it behind it. Both in the field 
and in the numerical analysis the change of any span stabilises once the Crossrail tunnel face is 
well in front the Central line tunnel axis. The overall agreement shows that despite the 
assumptions of the numerical analysis (see Section 6.2.1), meaningful predictions can be made 
and the results of the numerical analysis concerning the existing tunnel (internal forces for 
instance) are realistic. 
c. The lengths of the spans change rapidly when the Crossrail tunnel face is in the neighbourhood 
of the Central line tunnel axis as revealed by the numerical analysis. In fact the diameters AC 
and BD (which are the most heavily affected) show their greatest change once the Crossrail 
tunnel is directly below the Central line tunnel axis. Field measurements were restricted to 
engineering hours as the Central line was operational during the Crossrail tunnel construction. 
As such no field measurements were taken for the Crossrail tunnel face position being from       
-15m to +20m from the Central line tunnel axis. Apparently, this gap in the field measurement 
reveals the need for more frequent measurements when a new tunnel excavation is in the 
close vicinity of an existing tunnel, for valid comparisons to be made. If field measurement were 
available when the Crossrail tunnel was directly below the Central line tunnel axis, two possible 
scenarios can be identified. If this measurement agreed with the numerical analysis, it could be 
concluded that the skew angle of the two tunnel alignments is of minor importance and the 
over/under-estimation of deformations in the numerical analysis (due to neglecting the angle) 
could be evaluated. On the other hand, if the assumed field measurements did not agree with 
the numerical predictions, it would reveal that the skew angle of the two alignments is of major 
importance and affects the existing tunnel’s deformation until the new excavation reaches its 
axis. 
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6.4.4 Longitudinal strains of Central line tunnel 
From the results of the numerical analysis the longitudinal deformations of the Central line 
tunnel along its axis (i.e. along the x global axis) can be assessed by studying the longitudinal 
strains of the lining. These strains are calculated, for different positions of the Crossrail tunnel 
face, both along the lengths of crown and the invert axes (see Figure 6.27). The strains are 
negligible until the Crossrail tunnel face reaches 10m away from the Central line tunnel axis. From 
that face position and as the Crossrail tunnel excavation continues the longitudinal strains start 
evolving along the crown and the invert. The change of the strains is higher as the Crossrail tunnel 
face advances from 10m behind to 10m in front of the Central line tunnel axis. The strains, finally, 
remain constant for the last 30-40m of Crossrail tunnel advancement. 
Once the strains start evolving along the crown axis (Crossrail tunnel -10m from the Central line 
tunnel axis) the 20m closest to the Crossrail tunnel excavation suffer compression. The maximum 
compression occurs just above the Crossrail tunnel axis and decreases with distance from it. The 
strain is zero at a distance of approximately 20m away from the Crossrail tunnel axis. At greater 
distances extension occurs and its magnitude increases with distance from the Crossrail axis, 
reaches a local maximum and then decreases and stabilises at very low values. As the Crossrail 
tunnel advances, the magnitude of the compressive and tensile strains increase and the part of 
the crown that experiences compression shortens slightly. Ultimately, after the strain evolution 
stabilises, the maximum compressive strain is 240µε (negative strain in Figure 6.27) and is located 
just above the Crossrail tunnel axis (plane of symmetry zy) , the maximum tensile strain is 60µε 
32m away from the Crossrail tunnel axis and the crossing point that separates the compression 
from the extension part is 17.1m (2.6*D) away from the Crossrail tunnel axis. 
The invert along the length of the Central line tunnel develops a different strain profile (Figure 
6.27b). Along the first 5m from the Crossrail tunnel axis the strains are compressive the following 
11m experience tensile strains, the next 33m compressive strains again and the remaining part 
very small tensile strains. The compression and extension of each part increases with progress of 
the Crossrail tunnel face and stabilises with the maximum compressive and tensile strains 
being120µε and 85µε respectively (see Figure 6.27b). 
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Figure 6.27: Longitudinal strain evolution along the length of the a) crown and the b) invert from 
the numerical analysis. 
 
During the construction of the Crossrail tunnel in the vicinity of the Central line tunnel a 
research team from ETH Zurich took strain measurements using optical fibres installed earlier in 
the Central line tunnel lining to investigate how the strains developed in it due to the construction 
of the Crossrail tunnels. Figure 6.1 shows that the fibre optics were placed both circumferentially 
on a ring and longitudinally along the Central line tunnel crown. The longitudinal fibre optics were 
attached on the circumferential flanges of each lining at crown level and as such it was possible to 
measure strains due to elongation and bending along the crown and the opening/closing of the 
joints between two successive rings (ETH, Draft Report on the longitudinal strains). At the time of 
preparing this thesis only the preliminary analysis of the data was available. After temperature 
correction the preliminary analysis of the data showed that the joints remained closed and the 
deformation of the tunnel seems to take place as deformation of the linings (ETH, Draft Report on 
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the longitudinal strains). The measurements reveal that the strains evolve in the Central line 
tunnel crown as the Crossrail tunnel face position advances (see Figure 6.28). After the Crossrail 
tunnel face passed the Central line tunnel axis, compression was measured at the crown up to a 
distance of ±(16 to 18) m from the intersection of the two tunnel alignments and extension further 
away. With further Crossrail tunnel face advancement, the shape remained symmetrical in respect 
to the crossing points (points where compression changes to extension) but the peak compression 
shifts towards the east (ETH, Draft Report on the longitudinal strains).  
 
 
Figure 6.28: Evolution of longitudinal strain profile at the crown axis of Central line tunnel using 
fibre optics (ETH, Draft Report on the longitudinal strains). 
 
Figure 6.29 compares the longitudinal strains at the tunnel crown measured by means of fibre 
optics with those obtained from the numerical analysis. The fact that in the numerical analysis the 
skew angle was not modelled was ignored in this comparison and the graphs are simply 
superimposed and compared based on the distance from the intersection of the two alignments. It 
is observed that the strains when the Crossrail tunnel is closer to the Central line tunnel axis 
(exactly beneath it in the case of numerical analysis and 22m in front of it for the fibre optics 
measurement) agree very well. The agreement is both in the shape of the strain profile and the 
strain magnitude. In particular, the crossing point, where compression changes to extension, is 
16.7m and 17.1m away from the intersection of the two tunnel alignments for the field 
measurements and the numerical prediction respectively. Their maximum compressive strain is 
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160µε and 140µε, respectively. It should be noted that no field measurements were available 
when the Crossrail tunnel face was directly below the Central line tunnel axis (again 
measurements could only be taken in engineering hours). Besides the EPB machine has a length of 
approximately 10m (which is not modelled in the finite element analysis). As such the field 
measurements when the Crossrail tunnel face is 22m in front of the intersection are believed to be 
the least affected by the skew angle and the most appropriate to be compared with the numerical 
predictions when the Crossrail tunnel face is directly below the Central line tunnel axis. With 
further Crossrail tunnel advancement the numerical analysis predicts an increase of both 
compressive and tensile strains. The difference with the respective field measurements (which 
showed a shift of the peak compression towards the east) could be the effect of the skew angle 
between the two alignments. The overall agreement of the strains along the crown implies that 
the strains predicted along the invert axis may also be reliable. Despite the assumptions made 
compared to the field situation (non-perpendicularity of the two tunnels axes), the numerical 
analysis ‘steady-state’ predictions are in reasonably good agreement in terms of shape and 
slightly-overestimate the magnitude of strains along the lining. The latter makes the numerical 
predictions useful for assessing a tunnel’s longitudinal strain due to a new tunnel excavation 
beneath it. 
 
 
Figure 6.29: Comparison of longitudinal strains from the finite element analysis along the crown of 
the Central line tunnel with the ones measured by means of fibre optics. 
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Finally, it is noted that a comparison with the circumferential strains measured by means of 
fibre optics was not possible. The fibre optics placed around a ring just above the Crossrail tunnel 
axis (see Figure 6.1) measured strains at the intrados of that ring. The shell elements used for 
simulating the lining though do not have any thickness in the mesh and as such no respective 
strains can be monitored. 
 
6.5 Influence of the face pressure of the Earth Pressure Balance machine 
As noted earlier the devices for measuring the earth pressure are located in the back of the 
excavation chamber of the TBM. It is believed (personal communication with EPB TBM operators) 
that they do not measure the actual pressure applied to the soil in front of the cutting head, but 
record a lower pressure. Analyses varying the face pressure (from 0-2000kPa) have been 
performed in order to investigate the face pressure effect on the predictions. It is noted that this is 
an effect that only 3D analysis can investigate. Comparative plots between analyses of different 
face pressures will be presented both for the soil’s response and the Central line tunnel’s 
response. 
Figure 6.30 compares how the ground surface settlement trough evolves for various tunnel face 
pressures at the transverse Crossrail tunnel section located above Central line tunnel axis. An 
increase of the face pressure decreases the surface settlements for any position of the Crossrail 
tunnel excavation face. The increase of the face pressure also leads to an even clearer ‘steady-
state’ as the difference between the last two monitored surface settlement troughs, 
corresponding to the last two positions of the Crossrail tunnel excavation face, diminishes. This 
suggests that the modelling of the face pressure is beneficial for achieving ‘steady-state’ in 3D 
tunnelling problems. In this respect, modelling the grout pressure behind the rings would also 
improve the 3D predictions. For the analysis where the face pressure is modelled to be 2000kPa, 
heave is predicted until the Crossrail tunnel excavation advances in front of the monitoring 
section. This behaviour was captured for any analyses with a face pressure equal to or higher than 
the overburden pressure at the axis of the excavated tunnel (≈650kPa). This is, clearly, not the 
case experienced in the field and as such the results from this analysis will not be further 
illustrated. 
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Figure 6.30: Comparison of ground surface settlement troughs due to Crossrail tunnel excavation 
above the Central line tunnel axis for different Crossrail tunnel face positions for various face 
pressures of the EPB machine. 
 
The face pressure affects the rate at which the surface settlement evolves. The biggest increase 
in settlement takes place when the Crossrail tunnel is advanced from -10m to +10m, and for any 
further advancement the rate of increase is almost the same for any face pressure applied. 
However, the rate differs before the Crossrail tunnel face reaches the transverse monitoring 
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section (in this case the monitoring section which includes the Central line tunnel axis). In 
particular, the higher the face pressure applied, the lower the rate the surface settlement evolves. 
This is further illustrated in Figure 6.31, where the evolution of volume loss for different 
monitoring lines which are analysed with different face pressures is plotted. The lines that 
correspond to the same monitoring section diverge initially (until the Crossrail tunnel face is 
directly below them) and then they become parallel (for further Crossrail tunnel advancement). 
The final volume loss decreases with increasing face pressure but is still higher than the measured 
ones for tunnelling in London clay. 
 
 
Figure 6.31: Comparison of volume loss evolution due to Crossrail tunnel excavation for different 
monitoring lines for different face pressure of the EPB machine. 
 
Finally, in Figure 6.32 normalised surface settlement profiles for various monitoring sections 
and different face pressure for the final position of the Crossrail tunnel face are plotted. The shape 
of the normalised settlement troughs is completely unaffected by the face pressure as all the lines 
are similar. 
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Figure 6.32: Comparison of normalised surface settlement troughs at different transverse sections 
due to Crossrail tunnel excavation for various face pressures of the EPB machine.  
 
Figures 6.33 and 6.34 compare the ‘steady-state’ longitudinal surface settlement profiles (i.e. 
for the final Crossrail tunnel face position) and the respective normalised ones for various 
longitudinal monitoring lines for different face pressures. The predicted settlements, generally, 
decrease with an increase of face pressure. The effect of the presence of the Central line tunnel is 
visible for any face pressure, with stiffening of the soil in the close vicinity of the Central line 
tunnel axis and softening further away. It is worth mentioning that the maximum settlement 
occurs at the same distance behind the Central line tunnel axis for all the monitoring lines 
considered. However, it seems that an increase of face pressure slightly compensates for the 
softening of the soil due to the Central line tunnel excavation. The higher the face pressure is, the 
smaller the predicted settlements are in the softened soil zone around the Central line axis, 
compared to the maximum predicted ones.  
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Figure 6.33: Comparison of longitudinal surface settlement profiles for the final Crossrail tunnel 
face position for different face pressure of the EPB machine. 
 
 
Figure 6.34: Comparison of normalised longitudinal surface settlement profiles for the final 
Crossrail tunnel face position for different face pressure of the EPB machine. 
 
The effect of the different face pressures on the Central tunnel lining response is firstly 
discussed in terms of internal lining forces. Figure 6.35 presents the difference in circumferential 
hoop force and bending moment from the different analyses performed for various positions of 
the Crossrail tunnel face. It should be noted that the figure includes plots of: i) the analysis where 
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no face pressure was applied compared to the reference analysis where the face pressure was 
200kPa (‘200-0’) and ii) the analysis where no face pressure was applied compared to the analysis 
where the face pressure was 500kPa (‘500-0’) in order to demonstrate the differences clearer.  
The hoop forces (Figure 6.35a and b) show that major differences between the different 
analyses are captured when the Crossrail tunnel face position is 10m behind the Central line 
tunnel axis (CR at -10m). For any other position the differences in hoop force is less than 5% for 
any position around the lining. This means that the final hoop force distribution is not greatly 
affected by the face pressure of the Earth Pressure Balance machine used for the construction of 
the new tunnel. On the contrary for the Crossrail tunnel excavation face being 10m behind the 
Central line tunnel axis, the distribution of hoop force in the Central line tunnel is more dependent 
on the face pressure. The differences between the analyses show that the higher the face pressure 
the more compressive the hoop force is all around the tunnel lining. For an increase of the face 
pressure of 200kPa and 500kPa the maximum increase of the compressive hoop force is 
approximately 8% and 18%, respectively, and it is located at the position of the left shoulder and 
right haunch (135° and 315°). For this Crossrail tunnel face position the minimum decrease in the 
hoop force is located at the position of the left haunch and the right shoulder (275° and 45°) 
where their values are almost unaffected.  
The circumferential bending moments (see Figure 6.35b and c) are mostly affected by the 
Crossrail tunnel excavation when its face is 10m behind the Central line tunnel axis. For this 
Crossrail tunnel face position, an increase of the bending moment around the diameter connecting 
the left haunch with the right shoulder and a decrease on the orthogonal diameter are predicted. 
This implies (compared with Figure 6.17) a bending moment reduction around the whole cross-
section for an increase of the EPB machine face pressure. As a result, the bending moment 
diagram for any further advancement of the Crossrail tunnel face is rotated anticlockwise with an 
increase of the face pressure. In Appendix E the hoop force and bending moment distribution of 
the supplementary analysis can be found (Figures E.4 and E.5). 
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Figure 6.35: Comparison of circumferential a) , b) hoop forces and c, d) bending moments of the 
Central line tunnel lining for various positions of the Crossrail tunnel excavation face for different 
face pressures of the EPB machine. 
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Overall, an increase of the face pressure is beneficial for the existing tunnel. It decreases the 
magnitude of the bending moment experienced by the existing tunnel. This means that in Figure 
6.19 (which refers to the 200kPa analysis) the points specifying the hoop force/bending moment 
interaction, for each section around the Central line tunnel, would lie closer to the vertical axis and 
further away from the failure envelope with increasing face pressure (and closer to the failure 
envelope for the no face pressure case). This implies that in cases where the combined hoop 
force/bending moment within an existing lining due to a new tunnel excavation beneath it, is 
predicted to start approaching its structural capacity, increasing the face pressure in the new 
excavation may be beneficial.  
The effect of different face pressures on the deformation that the Central line tunnel lining 
experiences is shown in Figure 6.36. Each graph in this figure compares the change of the span of 
different diameters/chords of different rings (see also Section 6.4.3 for the results of the reference 
analysis) for the two extreme cases of no face pressure and a face pressure of 500kPa. An increase 
of the face pressure results in a delayed response of the Central line tunnel. When the face 
pressure is larger, the different spans start changing in length when the Crossrail tunnel is much 
closer to the Central line tunnel axis (for a face pressure of 500kPa the cross-sections start being 
affected when the Crossrail tunnel is just 20m away from the Central line tunnel axis). This holds 
for all the sections considered despite their distance from the Crossrail tunnel axis. As commented 
above (Section 6.4.3) , there is a discrepancy between the numerical analysis (reference case) and 
the field measurements regarding the distance of the Crossrail tunnel face to the Central line 
tunnel axis at which the span lengths start to change. Since an increase of the face pressure 
(numerically) , decreased this distance, it seems that the actual face pressure applied in the field 
may be higher than the one measured by the measuring devices. Finally, when the Crossrail tunnel 
advances in front of the Central line tunnel axis, the increase of the face pressure makes the spans 
change their lengths more rapidly. As such their final ‘steady-state’ lengths are different. These 
effects diminish with increasing distance of the cross-section from the Crossrail tunnel axis. 
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Figure 6.36: Comparison of various cross-sectional span changes for different face pressures of the 
EPB machine for different Central line tunnel cross sections. 
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6.6 Influence of the longitudinal stiffness of the Central line tunnel 
The Central line tunnel lining is formed of successive grey cast iron rings and for all the analyses 
presented until now a rigid connection between them was inherently assumed. This implies that 
the tunnel is actually simulated to behave like a long continuous tube inside the ground. With this 
assumption the longitudinal joints between the successive rings are not taken into account. In this 
section an investigation is performed to see whether this assumption is valid. Anisotropic shell 
elements are used to simulate the Central line tunnel with their longitudinal axial and rotational 
stiffness reduced to be 1% of their circumferential ones. With this approximation it might be 
considered that the bolts connecting two successive rings might not be tightened and two 
successive rings are basically simply placed one next to the other is simulated. The Central line 
tunnel lining performance (internal forces, deformations) during the Crossrail tunnel excavation is 
investigated under this assumption and compared with the reference analysis (the face pressure is 
modelled to be 200kPa). 
In Figure 6.37 the difference in the circumferential hoop force between the two analyses (using 
isotropic and anisotropic shell elements) is plotted for various Crossrail tunnel face positions. In 
Appendix E (Section E.4) the distribution of both the circumferential hoop force and the bending 
moment are presented. In terms of circumferential hoop force the distribution until the Crossrail 
tunnel face is below the Central line tunnel axis are practically identical for the two analyses. The 
difference increases for further advancement of the Crossrail tunnel face. The difference finally 
stabilises with the top half of the lining experiencing 8% less compressive hoop force and the 
bottom half 5% more compressive hoop force for the analysis with the anisotropic shell elements. 
The small differences predicted in hoop force and the fact that the bending moments are identical 
for any Crossrail tunnel face position (compare Figure 6.17 with E.6) show that a decrease of the 
longitudinal axial and bending stiffness has only small influence on the forces in the 
circumferential direction. This is also verified by the cross-sectional deformations; given in 
Appendix E (Figure E.7) where the change of span lengths of various chords of various sections of 
the Central line tunnel lining are compared for the two analyses, using isotropic and anisotropic 
stiffness shell elements. The differences are negligible.  
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Figure 6.37: Comparison of circumferential hoop force in the Central line tunnel lining for isotropic 
and anisotropic stiffness shell elements. 
 
Figure 6.38 summarises the hoop force and the bending moment longitudinally along the crown 
and the invert axis of the Central line tunnel for the analyses with the decreased longitudinal 
stiffness. This can be compared with Figure 6.20 where the respective results from the analysis 
with isotropic stiffness shell elements are plotted. The differences are dramatic in the longitudinal 
direction. No bending moment is experienced by the Central line tunnel lining while the 
longitudinal hoop forces are an order of magnitude less with their maximum value being about 
100kN/m. This behaviour suggests that successive rings have little interaction. In terms of internal 
forces this is beneficial with the lining being structurally capable of withstanding the new tunnels 
excavation. However attention needs to be given to the displacements of the lining in this 
direction since potentially, large values may result in the tunnel becoming non-operational. 
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Figure 6.38: Longitudinal hoop force and bending moment along the a) , b) crown and the              
c) , d) invert of the Central line tunnel lining when it is modelled with anisotropic stiffness shell 
elements, as the Crossrail tunnel excavation progresses. 
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Figure 6.39 presents the evolution of the longitudinal strains along the crown and the invert 
axis for the Central line tunnel. For the crown longitudinal strains (Figure 6.39a) it is observed that 
they evolve in the same way as for the analysis where the shell elements were simulated to be 
isotropic (Figure 6.27a). However the strains predicted, when anisotropic stiffness shell elements 
are used, are one order of magnitude larger than the ones predicted with the isotropic stiffness 
shell elements. The latter were in good agreement with the field measurements and this further 
illustrates that the simulation of the Central line with the isotropic shell elements represents 
better the actual condition of the field, implying that the lining behaves having a high longitudinal 
stiffness (long continuous tube inside the ground) to the new Crossrail excavation. 
 
 
Figure 6.39: Longitudinal strain evolution along the a) crown and the b) invert axis for the 
anisotropic stiffness shell elements used for the modelling of the Central line tunnel lining. 
 
CHAPTER 6: THREE-DIMENSIONAL ANALYSIS OF THE CROSSRAIL TUNNELS BENEATH CENTRAL LINE TUNNELS 
330 
6.7 Final remarks and conclusions 
The analyses presented in this chapter explored the 3D excavation/construction of a new 
tunnel at a non-greenfield site, which had experienced a previous tunnelling process more than a 
century ago. The step-by-step excavation approach was used to model the Crossrail tunnel’s 
excavation while the face pressure of the Earth Pressure Balance machine was also modelled. The 
results presented focused on: a) the evolution of the ground surface soil movements, b) how they 
are affected by the presence of the existing tunnel, c) the existing tunnel’s response to the new 
tunnelling process, d) the influence of the face pressure of the Earth Pressure Balance machine 
and e) the influence of the longitudinal joints of the existing tunnel on its performance. The 
conclusions of the chapter can be summarised as follows. 
I. Soil response due to the step-by-step Crossrail tunnel excavation under the influence of the 
existing Central line tunnel 
 The dimensions of the mesh and the excavation length chosen were shown to be sufficient 
for ‘steady-state’ soil movements to be achieved for the greater part of the mesh. 
 Green-field conditions can be considered 30m behind the Central line tunnel axis where the 
Central line tunnel’s presence is not affecting the soil movements. 
 The shape of the transverse ground surface settlement troughs at various sections is not 
affected by the Central line tunnel’s presence. However, the Central line tunnel’s presence 
affects the rate the settlements evolve for transverse sections near to it. Until the Crossrail 
tunnel face reaches below the position of any section, the closer the monitoring section is to 
the Central line tunnel axis, the faster the settlements develop (due to the softening of the 
soil from the Central line tunnel construction). If the monitoring section is in front of the 
Central line tunnel axis, the development of settlements is slower. Once the Crossrail tunnel 
face passes below each monitoring section the rate becomes the same for any section 
irrespective of its position relative to the existing tunnel axis. In the longitudinal direction 
the presence of the Central line tunnel affects the cumulative error curve anticipated 
(Attewell & Woodmann, 1982) for any section irrespective of its distance from the Crossrail 
tunnel axis. 
 The ground surface settlements reflect the soil disturbance due to the previous construction 
of the Central line tunnel in some parts of the mesh and the soil-tunnel system stiffness for 
parts of the mesh in the close vicinity of the Central line tunnel.  
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II. Central line tunnel lining response to the Crossrail tunnel excavation  
 The excavation of the Crossrail tunnel below the Central line tunnel axis imposes changes to 
the internal forces in the Central line tunnel lining.  
 The changes in circumferential hoop force and bending moment evolve as the Crossrail 
tunnel excavation face approaches the Central line tunnel axis; they have their highest value 
when the Crossrail tunnel face is below it and then they stabilise.  
 The combination of the circumferential hoop force and bending moment distributions in the 
Central line tunnel lining, during the Crossrail tunnel excavation, do not imply any structural 
failure of the lining.  
 Longitudinally the changes in the hoop force and bending moment are not detrimental to its 
structural capacity. 
 The Central line tunnel lining deforms in all three coordinate directions as the Crossrail 
tunnel excavation face advances.  
 The deformation that the Central line tunnel experiences diminishes with distance away 
from the Crossrail tunnel alignment.  
 The effect of the Crossrail tunnel excavation starts once its excavation face is around 20m 
behind the Central line tunnel axis and evolves for further advancement until it stabilises 
when the excavation face reaches 20m in front of it.  
 The maximum settlement the Central tunnel line experiences is 22.5mm due to the Crossrail 
tunnel excavation. The vertical component of the tunnel movement is the one that dictates 
the overall behaviour as the movements in the horizontal plane are an order of magnitude 
less than its settlement. 
 The cross-sectional deformations predicted agree well with the ones measured in the field 
after the Crossrail tunnel passes below the Central line tunnel axis. Any small discrepancies 
can be attributed to the fact that the two tunnel alignments are modelled to be 
perpendicular while in the field they are at a skew angle of 40°. 
 The various cross-sections of the Central line tunnel deform in an ellipsoid shape as the 
Crossrail tunnel face advances. The two axes of the ellipse are rotating as the Crossrail 
tunnel advances, with the major axis following the Crossrail tunnel excavation face.  
 Longitudinally the strains resulting from the analyses agree well with the fibre optic 
measurements made in the field in terms of both shape and magnitude.  
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 The overall good agreement in terms of deformations with what was measured in the field 
confirms that the numerical analysis, despite its limitations due to the simplifications made, 
is a useful tool for making meaningful predictions of such problems. 
III. The influence of the face pressure of the Earth Pressure Balance machine 
 The face pressure applied to the ground affects the predicted soil movements. For example 
an increase of the face pressure to 500kPa results in 15% less maximum ground surface 
settlement and an associated reduction in volume loss. 
 An increase in face pressure decreases the rate at which the settlements evolve. 
 If the face pressure becomes larger than the overburden stress at the level of the Crossrail 
tunnel axis, the soil movement predictions become unrealistic (heave is predicted). 
 An increase in the face pressure compensates for the soil being softer around the existing 
Central line tunnel. 
 An increase in the face pressure is beneficial for the existing Central line tunnel as it 
decreases the magnitude of the bending moments caused by the Crossrail tunnel 
excavation. 
 An increase of the face pressure resulted in a delayed response of the cross-sectional 
deformation of the existing Central line tunnel. The discrepancy between the field 
measurement and the numerical analysis (in terms of when the different spans start to 
change in length) might be due to the fact that the pressure sensors inside the EPB machine 
actually measured less pressure than that actually applied to the soil in front of the machine 
face. 
 The increase of the face pressure constrains the deformation of the spans until the Crossrail 
tunnel face is directly below the Central line tunnel axis. 
IV. The influence of the longitudinal stiffness of the Central line tunnel 
 The Central line tunnel lining behaves like an embedded tube in the ground. This was 
confirmed by the deterioration of the agreement of the longitudinal strains along the Central 
line crown predicted by the numerical analysis implementing a decreased longitudinal 
stiffness of the Central line lining with the fibre optics field measurements. 
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CHAPTER 7             
CONCLUSIONS AND RECOMENDATIONS 
 
 
In this chapter the conclusions of the research performed for this thesis are summarised. They 
are presented in a way which shows that the aims of the present research have been fulfilled and 
the findings from the various analyses performed provide a step forward in the numerical analysis 
of tunnelling in London clay. Recommendations for future research are also included. 
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7.1 Introduction 
The present thesis is an integral part of the Imperial College London research project 
investigating the effect of the construction of the Crossrail tunnels on the existing grey-cast iron 
Central line tunnel linings at Hyde Park. The work reported within this thesis approached the 
problem from a numerical perspective. The problem was also approached by two other 
researchers who performed intensive field monitoring and large–scale laboratory testing of 
segmental rings.  
The primary objective of the numerical research was to apply advanced numerical techniques 
to simulate the aforementioned problem, as accurately as possible. In the literature review 
(Chapter 2) it was revealed that some issues exist with numerical analysis of tunnelling that 
needed to be investigated further in order to achieve satisfactory predictions.  
First, it was shown that the literature is very limited concerning the numerical investigation of 
short and long-term behaviour of tunnel linings themselves. As such, the first issue that this thesis 
explored was the behaviour of the Central line tunnel linings since their construction more than a 
century ago up until the construction of the Crossrail tunnels. The series of analysis presented 
investigated various factors that affect the soil and the Central line tunnel lining behaviour and 
their importance was revealed through a systematic comparison. The outcomes of this 
investigation are of particular interest since ways of simulating the experimental laboratory set-up 
and ways of overcoming inconsistencies between what is actually happening in the ground and 
what can be tested in the laboratory were proposed. In this respect this first part of the thesis links 
the experimental and the numerical work of the project. 
The next issue revealed by the literature review was that despite the efforts of previous 
researchers to date, the numerical predictions of soil displacements due to tunnelling in stiff 
overconsolidated clays (like the London clay) are not in good agreement with available field data. 
The majority of the previous researchers used either simple soil constitutive models or more 
complex ones with parameters calibrated with laboratory tests on reconstituted material. The 
modified two surface kinematic hardening model that was available in ICFEP was calibrated 
against intact samples of London clay (recently available in the literature) and validated for an 
intensively monitored case study at St. James’s Park. The importance of this new calibration of the 
model together with the satisfactory predictions of soil displacement for the St. James’s Park case 
study was further enhanced when the same material models and numerical simulation were used 
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to predict the displacements due to the construction of the Crossrail tunnels at the Hyde Park site. 
The latter links the numerical part of the research project with the field monitoring one. 
Despite the fact that tunnels excavated in the close vicinity of existing tunnels is becoming an 
increasingly common situation very limited numerical research has been performed for the case 
where the tunnels do not have parallel axes. The last part of this thesis focused on 3D modelling of 
construction of the Crossrail tunnels below the existing Central line tunnels. Due to the complexity 
of this problem simplifications were necessary. The numerical investigation focused on: a) the 
evolution of the ground surface soil movements, b) how they are affected by the presence of the 
existing tunnel, c) the existing tunnel’s response to the construction of the new tunnel, d) the 
influence of the face pressure of the Earth Pressure Balance machine and e) the influence of the 
longitudinal joints of the existing tunnel on its performance. Comparisons with in-tunnel 
monitoring data revealed that despite the simplifications made, the 3D numerical analysis 
provided valuable conclusions and useful predictions. 
The concluding remarks for each of the above mentioned parts of the thesis are summarised 
below and followed by some ideas for further research.  
 
7.2 Short and long-term behaviour of grey-cast iron tunnel linings 
In order for the short and long-term behaviour of a grey cast iron lining to be investigated, the 
Central line tunnels at the location where they cross with the new Crossrail tunnels were 
simulated and a series of parametric analyses were performed. The soil permeability models and 
lining permeabilities were varied. The response of the tunnel linings both in the short and the long 
term was dictated by the lining permeability while the soil permeability model used was found to 
have a small effect. The main findings for the soil and the response of the tunnel linings are 
summarised below. 
I. Soil response in the short and long-term due to twin tunnel construction 
 With the same assumed workmanship the settlement troughs predicted for the second 
constructed tunnel results in a higher volume loss than that predicted for the first tunnel. 
 The settlement trough due to the second tunnel excavation has its axis point of maximum 
settlement shifted towards the first constructed tunnel due to the soil softening that occurs 
due to the first tunnel construction. 
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 In the long term (after 100 years of consolidation) the troughs are centred around the 
midline between the vertical axes of the two tunnels showing that the consolidation process 
has erased the effect of the two excavations. 
 In the long term the more permeable the lining is the greater vertical displacement the 
ground surface experiences while the different soil permeability models only have a small 
effect on the magnitude of the soil movement. 
II. Linings response in the short and long term 
 The two Central line tunnels ‘egg’ in the short term and ‘squat’ in the long term if they are 
permeable or ‘egg’ if they are impermeable.  
 The more permeable the linings are, the more they ‘squat’ in the long term. 
 The second tunnel ‘eggs’ less than the first one in the short term and also it ‘squats’ more in 
the long term.  
 The hoop force distribution changes after the construction of both tunnels. If the tunnel is 
impermeable it attracts almost 40% higher hoop force in the long term compared to the 
short term. If the lining is permeable, the hoop force increases at the axis level of the tunnel 
and decreases at the crown and the invert. The more permeable the lining is, the larger 
these increases and decreases are.  
 In general, the second tunnel experiences higher hoop forces which are more uniformly 
distributed around it while the lining permeability has only a small effect.  
 The construction of the second (right) tunnel increases the hoop force at axis level while 
reduces it at the crown and the invert of the first tunnel.  
 The bending moment distributions around the two tunnels follow the same trends as the 
deformations. 
 The normal stresses acting on the linings are approximately 50% of the overburden in the 
short term. 
 In the long term the normal stresses acting on the linings increase to almost 75% of the 
overburden. 
 The tunnels deform as a consequence of both the normal and the shear stresses acting on 
the back of the lining.  
The tunnel lining response was found to be in accordance with various field observations. The 
fact that both normal and shear stresses acting in conjunction on the back of the tunnel lining are 
responsible for how the tunnel lining deforms makes the derived stresses and deformations of the 
numerical analysis of limited use to the experimental set-up. The reason is that in the 
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experimental set-up only normal stresses can be applied on the back of the skin of the tunnel 
lining. Another set of analysis, where interface elements with zero shear stiffness were placed 
between the tunnel lining and the surrounding soil, showed that these elements are a satisfactory 
way of removing the shear stresses acting on the lining. Additionally the deformation modes of the 
tunnel lining remained the same as in the ‘original’ analysis (tunnel lining fully connected to the 
ground), with slightly more ‘squatting’ in the long term and more uniformly distributed hoop 
forces around the tunnel perimeter irrespective of the lining permeability. This set of analysis 
revealed that indeed numerical analysis can deal with the limitations of the laboratory work and 
provide the experimental set-up with valuable input. Finally, through the ‘structural’ model, which 
simulated the experimental set-up, numerical analysis showed that it can be a very useful tool to 
validate the laboratory findings. The effect of applying the load only on the spreader pad locations, 
as implemented in the experimental set-up, was quantified. In particular it was shown that 
increased ‘squatting’ is predicted when applying the normal stresses to a simulation of the 
laboratory conditions (i.e. the loading is applied to the pads), the ‘squatting’ magnitude is 
extremely sensitive to the actual values of the normal stresses applied on each loading pad and 
the hoop force distribution is more uniform compared to the soil-tunnel 2D models  
 
7.3 Numerical modelling of the St. James’s Park and Hyde Park sites  
The numerical modelling of the construction of the Jubilee line extension tunnels at the St. 
James’s Park site and the Crossrail tunnels at the Hyde Park site, provided two very detailed case 
studies in which a variety of aspects of soil response due to tunnelling was investigated. The 
procedure followed included: the use of the modified two surface kinematic hardening model to 
simulate the different units of the London clay, the calibration of the model parameters against 
experimental results on intact samples, the detailed modelling of the previous stress history of the 
two sites and rational geotechnical considerations (like the adopted permeability profile) for each 
site. When the above are satisfied the numerical predictions both of short and long-term soil 
displacements were in good agreement with the available field data. This is important because not 
only did the above procedure manage to reproduce realistic soil displacements but also the two 
case studies examined are quite different in terms of the tunnel excavation method adopted, the 
position and the dimensions of the tunnels. This implies that the adopted procedure has a more 
general application in tunnelling problems and the numerical modeller does not need to adopt 
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unrealistic soil parameters to predict realistic displacements for each tunnelling problem he 
simulates. The following conclusions can be drawn from these analyses. 
I. Calibration of the model 
 The model could not predict accurately results from both oedometer and undrained triaxial 
tests using the same parameters. The user had to compromise between the unloading part 
of an oedometer test and the stiffness degradation curve of the triaxial test. 
II. Modelling of the previous stress history 
 Modelling of the previous stress history is sensitive to the assumptions made regarding the 
initially eroded and the final overburden material. 
 Modelling the previous stress history with the M2-SKH model generally predicts values of K0 
and yield stress ratio which are lower than these implied by field and laboratory 
measurements. 
 The underdrainage of the pore water pressure profile decreases the K0 and yield stress ratio. 
 The parameter ‘α’ of the model, which controls how fast the stiffness degrades with strain, is 
the main parameter which affects the K0 profile resulting from the modelling of the previous 
stress history (the higher the ‘α’ value the higher the K0). 
 The K0 and the yield stress ratio profiles prior to modelling have to be consistent with the 
calibrated parameters of the model. Different calibrations resulted in different profiles of K0 
and yield stress ratio.  
III. St. James’s Park case study 
 The short-term soil displacements (vertical and horizontal) are not sensitive to the 
magnitude of soil stiffness at very small strains.  
 The short-term response is controlled by how the stiffness changes with strain (i.e how fast 
the stiffness degrades) implying that the shearing behaviour controls the short-term 
response. 
 The compression behaviour dictates the long-term soil movements.  
 A realistic permeability profile must be used for accurate long-term predictions. 
 Considering sub-layers of higher permeability and with a high degree of anisotropy of 
permeability results in a wider, more realistic settlement trough. 
 The consolidation movements due to the excavation of the WB and EB tunnels seem to be 
coming to an end at the time of writing this thesis. The analyses indicate that any further 
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settlements will be approximately 5% of the soil movements that have been experienced to 
date. 
IV. Hyde Park case study 
The intensive field monitoring, which was undertaken by Wan (2014a) as part of the same 
Crossrail research project, allowed the numerical model to be validated against a much wider 
range of field measurements. The overall agreement of the numerical predictions with field 
measurements was satisfactory and specific conclusions not only for the numerical analysis 
(simulation, soil model) but also for the field monitoring could be drawn. In particular for the 
different parts of the analysis it was shown that: 
A. Soil displacements due to the Westbound Crossrail excavation 
 Both ground surface and subsurface vertical displacements agree with the field 
measurements. 
 The agreement between numerical predictions and field measurements of the subsurface 
vertical displacements deteriorate with depth in the close vicinity of the tunnel. 
 The decrease of the width of the subsurface troughs with depth is in agreement with the 
field measurements.  
 The predicted horizontal ground surface displacements agree well with the field monitoring 
data confirming that their distribution does not follow a fit based on a ‘Gaussian’ settlement 
profile in conjunction with a point of sink assumption but it is wider. 
 The subsurface horizontal displacements are in good agreement with the field 
measurements.  
 It is important to measure the verticality of inclinometer boreholes since the numerical 
predictions have shown that horizontal displacements are very sensitive to small deviations 
from vertical, increasing rapidly as the monitoring line (i.e. borehole inclinometer) becomes 
closer to the tunnel perimeter. 
B. Intermediate consolidation period 
 The parametric numerical analysis performed with different scenarios concerning the 
permeability of the Westbound Crossrail tunnel lining, indicates that the Crossrail tunnel 
lining permeability is very low, 1% of the adjacent soil permeability. The numerical 
predictions of the ground surface and subsurface vertical displacements agree with field 
measurements for this particular assumption.  
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 Despite the fact that the soil displacements were overpredicted when the lining of the 
Westbound Crossrail tunnel was modelled as fully permeable, the pore water pressures 
away from the tunnel were better predicted. 
C. Soil displacements due to the Eastbound Crossrail tunnel excavation  
 The vertical ground surface and subsurface displacements were underpredicted irrespective 
of the assumption made with regards to the West-bound Crossrail tunnel lining permeability. 
However better predictions were achieved for the fully permeable tunnel lining. This is 
thought to be due to the better prediction of the pore water pressure changes for this 
particular case. 
 Predictions of the magnitude of the vertical subsurface displacements improved with depth, 
in contrast with the respective displacements due to the Westbound tunnel excavation. 
 The horizontal ground surface and subsurface displacements confirmed what was concluded 
from the West-bound Crossrail tunnel excavation. 
 
7.4 Effects of a Crossrail tunnel excavation beneath the existing Central line 
tunnel  
The last part of this thesis investigated the effect of excavating a Crossrail tunnel in the close 
vicinity of an existing Central line tunnel through a series of 3D analysis. Despite the necessary 
simplifications of the geometry of the site (modelling only one Central line tunnel and one 
Crossrail tunnel and neglecting the skew angle between the tunnels axes) this set of analyses 
explored different aspects of the interaction of tunnels crossing perpendicularly. The main findings 
from this set of analysis are summarised as follows. 
I. Soil response due to the step-by-step Crossrail tunnel excavation under the influence of the 
existing Central line tunnel 
 The shape of the transverse ground surface settlement troughs at various sections is not 
affected by the Central line tunnel’s presence.  
 The Central line tunnel’s presence affects the rate at which the settlements evolve for 
transverse sections near to it.  
 In the longitudinal direction the presence of the Central line tunnel affects the anticipated 
cumulative error curve (for a single tunnel excavated in a ‘greenfield’ environment: Attewell 
& Woodmann, 1982) for any section irrespective of its distance from the Crossrail tunnel 
axis. 
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 The ground surface settlements reflect the soil disturbance due to the previous construction 
of the Central line tunnel in some parts of the mesh and the soil-tunnel system stiffness for 
parts of the mesh in the close vicinity of the Central line tunnel.  
II. Central line tunnel lining response to the Crossrail tunnel excavation  
 The excavation of the Crossrail tunnel below the Central line tunnel axis imposes changes on 
the internal forces in the Central line tunnel lining.  
 The most crucial combination of the circumferential hoop force and bending moment 
distributions in the Central line tunnel lining has been detected when the Crossrail tunnel 
excavation face is directly below the Central line tunnel axis.  
 Longitudinally the changes in the hoop force and bending moment are not detrimental to 
the structural capacity of the lining. 
 The Central line tunnel experiences deformations when the Crossrail tunnel approaches to 
within 20m of its axis. These deformations develop with further advancement of the 
Crossrail excavation face and stabilise when it has reached a distance of 20m past the 
Central line axis. The vertical component of the deformation is the major component of the 
deformation while the deformations diminish with increasing distance away from the 
Crossrail tunnel. 
 The predicted cross-sectional deformations agree well with the ones measured in the field 
after the Crossrail tunnel passes below the Central line tunnel axis. The various cross-
sections of the Central line tunnel deform in an ellipsoid shape as the Crossrail tunnel face 
advances. The two axes of the ellipse are rotating as the Crossrail tunnel advances, with the 
primary axis following the Crossrail tunnel’s excavation face. Any small discrepancies can be 
attributed to the fact that the two tunnel alignments are modelled to be perpendicular while 
in the field they are not. 
 Longitudinally the strains resulting from the analyses agree well with the fibre optic 
measurements made in the field in terms of both shape and magnitude.  
 The overall good agreement in terms of deformations with what was measured in the field 
confirms that the numerical analysis, despite its limitations due to the simplifications made, 
is a useful tool for making meaningful predictions of such problems. 
III. The influence of the face pressure of the Earth Pressure Balance machine 
 The face pressure applied to the ground affects the predicted soil movements. An increase 
of the face pressure (but not exceeding the overburden) decreases the ground surface 
settlements and the rate at which they develop. 
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 An increase of the face pressure compensates for the soil softening around the existing 
Central line tunnel. 
 An increase of the face pressure is beneficial for the existing Central line tunnel as it 
decreases the magnitude of the bending moments caused by the Crossrail tunnel 
excavation. 
 An increase of the face pressure results in a delayed response of the cross-sectional 
deformation of the existing Central line tunnel with the deformations being constrained until 
the Crossrail excavation face is directly below the Central line tunnel axis. 
IV. The influence of the longitudinal stiffness of the Central line tunnel 
 The deterioration of the agreement (with the fibre optics field measurements) of the 
longitudinal strains along the Central line crown when a decreased longitudinal stiffness of 
the Central line lining is considered in the numerical analysis indicates that the Central line 
tunnel lining has a significant longitudinal stiffness. 
 
7.5 Recommendations for further research 
The application of advanced finite element analysis to deal with some issues related to 
tunnelling in London clay was presented in this thesis. The experience gained has helped to 
provide:  
a. a better understanding of the mechanisms of tunnel lining behaviour in the short and long 
term; 
b. a better appreciation of using the modified kinematic hardening model to predict soil 
displacements due to tunnelling; 
c. a preliminary but accurate and precise (given the time and computational restrictions) insight 
into the interaction of a new tunnel excavation with an existing tunnel with non-parallel axis. 
The lessons learnt and the limitations faced during this study identify directions for further 
investigation. Therefore, it is suggested that the following issues are investigated in the future in 
order to extend and improve the numerical approach to model tunnelling. 
Concerning the numerical investigation of tunnel lining behaviour the future research should 
focus on the following: 
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 Implementing constitutive models and using them to simulate more accurately the 
behaviour of the lining material taking into consideration the yielding and the post-yield 
behaviour of different structural materials. 
 Introducing a way to model and take into consideration any effects the bolted joints 
between tunnel lining segments may have on their response. 
 3D modelling of the experimental set-up in order not only to validate the laboratory results 
but also to apply numerically, extreme conditions of loading which would show potential 
failure mechanisms of the tunnel lining. 
As far as the use of the modified kinematic hardening model and the numerical predictions due 
to tunnelling are concerned further research is needed for: 
 Introducing a Hvorslev surface on the dry side of the yield surface of the modified two 
surface kinematic hardening model. This will lead to more realistic predictions of strength of 
stiff overconsolidated clays. This would result in lower strengths than the ones assumed by 
the current version of the model and deal with the underestimation of soil displacements 
close to the tunnel. 
 Rotating the kinematic yield and bounding surfaces of the modified two surface kinematic 
hardening model to account for strength anisotropy (this is completly neglected in the 
current version of the model) and stiffness anisotropy in a more realistic way. 
 Improving our understanding of the previous geological stress history of any site that is 
going to accommodate a tunnel. The present research showed how important it is to 
simulate the previous geological history. 
 Incorporating ‘structure’ into the constitutive model of the soil as this aspect of soil 
behaviour was initially considered but eventually not used in this research. It has been 
shown by recent numerical studies of tunnelling that introducing structure in the kinematic 
hardening models can affect the predicted soil response. Since in the current version of the 
kinematic hardening model used in this thesis, structure has already been introduced, it is 
worth investigating its effect. More important (in the author’s opinion) is to find a numerical 
way to simulate the gain of strength due to structure as an effect of the previous geological 
stress history. 
Finally, with respect to 3D numerical simulation of the tunnel-tunnel interaction for tunnels 
with non-parallel axes the further research should deal with the following. 
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 A more detailed geometrical modelling of real case scenarios in terms of the relative positions 
of the two tunnels. The effect of a excavating new tunnel at a skew angle (non-perpendicularly) 
to the existing one should also be simulated.  
 More complex geometries should be considered. The effect of twin tunnel excavation on 
existing tunnels should be assessed.  
 More advanced soil constitutive models should be used. It was shown from 2D analyses 
presented in this thesis that the modified two surface kinematic hardening model can predict 
realistic soil displacements due to tunnelling and as such its use in 3D tunnelling problems is 
considered necessary. 
 Modelling of various details of the excavation technique should also be the target for further 
research as aspects like the shield length, the shield properties, the tail grouting might affect 
the response of an existing tunnel to a new one excavated in its vicinity.  
Last but not least, it was revealed by the work performed for each chapter of this thesis that 
numerical analysis predictions should always be validated and checked against field monitoring 
data. Effort should be concentrated on extending the huge database of tunnelling field case 
studies with new case studies that are more intensively monitored and with more accurate 
measurements. 
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A.1 Pre-yield soil model (J4) (for Chapter 3, 6) 
The pre-yield model used was a non-linear elastic one based on that described by Jardine et al. 
(1986). According to this model the shear stiffness normalised by the mean effective stress decays 
with the increase of shear strain while the bulk stiffness normalised by the mean effective stress 
decays with volumetric strain. The variation of tangent shear modulus (G) and bulk tangent 
modulus (K) with the mean effective stress (p’) and the strain level (Ed: deviatoric strain and εvol: 
volumetric strain) are given by the following relationships: 
  
( 1) sin( )
cos( )
' 3 3 6.909
G A B Ba X aX
aX
p
 
 

    
Eq. A.1 
 
( 1) sin( )
cos( )
' 2,303
K S
R S
p
 
  
 
     
Eq. A.2 
where: 
10log ( )
3
dE
C
   
Eq. A.3 
10log
v
Y
T
 
  
 
 
Eq. A.4 
where A, B, C, R, S, T, α, γ, δ and μ are material constants, εv is the volumetric strain and Ed is the 
deviatoric strain defined as: 
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1 2 3v       
Eq. A.6 
with ε1, ε2 and ε3 being the principal strains. 
 
Due to the trigonometric nature of equations Eq. A.1 and Eq. A.2 minimum and maximum cut-
offs are required for the strains  (Edmin, Edmax, εvmin and εvmax) below and above which respectively 
the shear stiffness and the bulk moduli vary only with the mean effective stress. This is graphically 
represented in Figure A.1. 
 
 
Figure A.1: Trigonometric nature of pre-yield model (after Addenbrooke, 1996). 
 
Furthermore, the magnitude of the stiffness is prevented from falling below specified minimum 
values, Gmin and Kmin. In Table A.1 all the material parameters used for the non-linear elastic model 
are summarized while in Figure A.2 the degradation of the shear stiffness and bulk modulus with 
increasing deviatoric and volumetric strain, respectively, for the selected material parameters is 
graphically represented. 
 
 
APPENDIX A: DESCRIPTION OF PRE-YIELD AND YIELD SOIL MODELS USED AND PARAMATERES SELECTED 
360 
Table A.1: Material parameters for the non-linear model 
Model parameters 
Soil layers 
A B C (%) α γ Edmin (%) Edmax (%) Gmin 
London clay B & A3 702 827 0.0001 1.1 0.62 0.005 0.3 2000 
London clay A2 767 903 0.0001 1.1 0.62 0.002 0.3 2000 
Upper Lambeth group 987 875 0.0001 1.1 0.850 0.003 0.3 2000 
Lower Lambeth group 1200 1100 0.0001 1.30 0.62 0.002 0.3 2000 
 
 
 
Model parameters 
Soil layers 
R S T (%) δ μ εvmin (%) εvmax (%) Kmin 
London clay B & A3 404 404 0.0035 1.8 0.34 0.001 0.2 2500 
London clay A2 404 404 0.0035 1.8 0.34 0.001 0.2 2500 
Upper Lambeth group 404 404 0.0035 1.8 0.34 0.001 0.2 2500 
Lower Lambeth group 265 850 0.0004 1.20 0.34 0.003 0.4 2500 
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Figure A.2: (a) Shear modulus variation with deviatoric strain and (b) bulk modulus variation with 
volumetric strain according to the selected parameters for each layer. 
 
A.2 Yield soil model (Mohr-Coulomb) (for Chapter 3, 6) 
Plastic (i.e. yielding) behaviour was modelled using the perfectly plastic non associated Mohr-
Coulomb model. The yield surface can be expressed in terms of the stress invariants p’, J and θ by 
the following equation: 
( ') ( ) 0F J a p g      
Eq. A.7 
where α is the tensile limit of p’ related to the cohesion (α=c’/g(θ=0°)) and  
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Eq. A.8 
where φ’ is the angle of shearing resistance. 
The plastic potential adopted in the model has a similar expression to that of the yield surface (Eq. 
A.7) but α is replaced by αp which is akin to a and g(θ) by gp(θ) in which the angle of shearing 
resistance (φ’) is simply replaced by the angle of dilation (ν).  
Table A.2 summarizes the parameters adopted for the perfectly plastic Mohr-Coulomb model 
(effective cohesion (c’), the effective angle of shearing resistance (φ’) and the angle of dilation (ψ)) 
and the linear elastic material parameters for the superficial deposits (the Young’s modulus (E’) 
and the Poisson’s ratio (ν)) while Figure A.3 shows the shape of yield and plastic potential surfaces 
in the J-p’ space. 
 
Table A.2: Adopted material parameters for the perfectly plastic Mohr-coulomb model and for the 
linear elastic model 
Model parameters 
Soil layers 
γ (kN/m3) c' (kPa) φ'(°) ψ (°) E' (Mpa) v 
Superficial deposits 18 0 25 12.5 10 0 
London clay B, A2 & A3 20 5 25 12.5 Small strain 
stiffness 
model used 
Upper Lambeth group 20 10 28 14.0 
Lower Lambeth group 20 0 36 18.0 
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Figure A.3: Mohr-Coulomb yield surface and plastic potential. 
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B.1 Hoop force - (negative hoop force indicates compression) 
 
Figure B.1: Hoop force distribution around the first (left) tunnel in various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d)permeable linings when 
the anisotropic permeability soil model is used. 
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Figure B.2: Hoop force distribution around the first (left) tunnel in various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d)permeable linings when 
the variable permeability soil model is used. 
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Figure B.3: Hoop force distribution around the second (right) tunnel in various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used. 
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Figure B.4: Hoop force distribution around the second (right) tunnel in various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the variable permeability soil model is used. 
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B.2 Bending moment – (positive values indicate tension at the intrados) 
 
Figure B.5: Bending moment distribution around the first (left) tunnel in various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the anisotropic permeability soil model is used.  
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Figure B.6: Bending moment distribution around the first (left) tunnel in various time instants for a) 
impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings when 
the variable permeability soil model is used. 
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Figure B.7: Bending moment distribution around the second (right) tunnel in various time instants 
for a) impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings 
when the anisotropic permeability soil model is used. 
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Figure B.8: Bending moment distribution around the second (right) tunnel in various time instants 
for a) impermeable, b) 10% and c) 50% of the adjacent soil’s permeability and d) permeable linings 
when the variable permeability soil model is used. 
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B.3 Stresses acting of the second (right) tunnel 
 
 
Figure B.9: Normal stresses acting on the second tunnel a) permeable lining, b) impermeable 
lining, c) sketch for the permeable lining. 
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Figure B.10: Shear stresses acting on the second tunnel a) permeable lining, b) impermeable lining, 
c) sketch for the permeable lining (positive shear stress is anti-clockwise). 
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B.4 Plots for impermeable lining for the analysis with the joint elements around 
the tunnel lining 
 
 
 
Figure B.11: Deformed shape in the short and long-term for analysis using joint elements around 
the tunnel perimeter (impermeable lining). 
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Figure B.12: Normal stresses acting on the lining for analysis using joint elements around the 
tunnel perimeter (impermeable lining) a) magnitude and b) sketch for the zero shear stiffness joint 
element analysis. 
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Figure B.13: Shear stresses acting on the lining for analysis using joint elements around the tunnel 
perimeter (impermeable lining). 
 
Figure B.14: a) Hoop force and b) bending moment distribution around the first (left) lining 
(impermeable lining).  
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D.1 Subsurface soil displacements before Eastbound Crossrail tunnel 
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Figure D.1: Comparison of field measurements with finite element predictions of subsurface 
vertical displacements prior to the East-bound tunnel construction for permeable lining. 
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Figure D.2: Comparison of field measurements with finite element predictions of subsurface 
vertical displacements for different extensometer borehole locations prior to the Eastbound tunnel 
construction for impermeable and permeable with 1% of the adjacent soil permeability tunnel 
linings. 
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D.2 Vertical soil displacements due to Eastbound Crossrail tunnel 
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Figure D.3: Comparison of field measurements with finite element predictions of subsurface 
vertical displacements due to the Eastbound Crossrail tunnel excavation. 
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E.1 Longitudinal surface settlement profiles 
 
 
Figure E.1: Comparison of surface settlement profiles for different positions of Crossrail tunnel 
excavation and for different monitoring sections. 
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Figure E.2: Comparison of normalised surface settlement profiles for different positions of Crossrail 
tunnel excavation and for different monitoring sections. 
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E.2 Cross-sectional deformations of Central line tunnel 
 
 
Figure E.3: Change in span of different chords for different sections of Central line tunnel and 
comparison with field measurements taken with a tape extensometer. 
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E.3 Additional plots for the analyses with different face pressures 
 
Figure E.4: Circumferential hoop force and bending moment of the shell elements forming the ring 
directly above the Crossrail tunnel axis for EPB machine with no face pressure. 
APPENDIX E: SUPLEMENTARY PLOTS FROM CHAPTER 6 
408 
 
Figure E.5: Circumferential hoop force and bending moment of the shell elements forming the ring 
directly above the Crossrail tunnel axis for the EPB machine with 500kPa face pressure. 
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E.4 Additional plots for the analysis with anisotropic stiffness shell elements 
 
Figure E.6: Circumferential hoop force and bending moment of the shell elements forming the ring 
directly above the Crossrail tunnel axis for Central line tunnel modelled with anisotropic stiffness 
shell elements. 
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Figure E.7: Comparison of circumferential deformations in the Central line tunnel lining for 
isotropic and anisotropic stiffness shell elements. 
